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Abstract
Nonlinear Optical Studies of Interfacial Ferroelectricity and
Strain Distribution in Perovskite Dielectric Films
By
Tony N. Le

Dielectric and ferroelectric perovskite films have been model energy storage structures for
their low-dielectric loss, extremely high charge-discharge speed, and good temperature stability,
yet there is still much to understand about the material’s limitations. This dissertation presents a
detailed understanding of the strain-induced ferroelectricity at the boundary between a strontium
titanate (SrTiO3) ultrathin film epitaxially grown on a germanium (Ge) substrate through optical
second harmonic generation (SHG), and the polydomain distribution in the Zr-doped BaTiO3
(BZT) films by time-resolved pump-probe spectroscopy.
First, SHG measurements were performed to reveal interfacial ferroelectricity in the
epitaxial SrTiO3/Ge (100) heterostructure. An in-plane tensile strain from the Ge substrate
introduced a collective atomic displacement of Ti4+ ions near the STO/Ge interface responsible for
the generation of an in-plane ferroelectric polarization. These results are further confirmed by
macrostructural analyses including TEM, XRD and electron diffraction along with phase field
modeling (PFM). Ultrathin STO can be integrated on semiconductors with enhanced functional
properties relevant to emerging nanoelectronic devices.
Second, sub-picosecond acoustic pulses were employed to investigate the polydomain
structures in the ferroelectric BZT films. The long-living oscillations in the time-resolved
reflectivity spectroscopy are attributed to the coherent acoustic phonons propagating through the
iv

BZT film and the STO substrate. The observation of longitudinal acoustic (LA) and transverse
acoustic (TA) modes is attributed to the coexistence of mixed tetragonal and rhombohedral
polydomain structures. The presence of polydomain structures is further confirmed through TEM
and XRD measurements. These adaptive nanodomains allow for effective accommodation and
energy performance optimization of the ferroelectric BZT films.
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Chapter 1
1 Introduction and Motivation
Over the past couple decades, technological advancements and scientific research has
allowed dielectric and ferroelectric devices to become thinner and lighter while certain materials
have been discovered to possess a wide range of electrical properties. One of these materials are
perovskite oxides which have many applications in various electronic devices such as high voltage
capacitors [1, 2, 3], multilayer actuators, fuel cells [4], electrochemical sensors, field-effect
transistors [5], low voltage varistors, tunable microwave circuits, and non-volatile memory [6, 7].
Recently, scientific research has shown that thinner structures have crystallographic consequences
and interfacial properties that have a fundamental effect on the performance of these dielectric
devices (dielectric breakdown, energy losses, etc.) which the scientific community is still trying to
understand [8, 9, 10, 11].
As dielectric and ferroelectric structures get thinner, the crystallographic strain field from
the substrate has a greater influence on the upper epitaxial layers and modifies the atomic structure
at the interface through misfit dislocations. The interfacial dislocations have been found to result
in a domain structure evolution from paraelectric to ferroelectric domains [12, 13, 14].
Additionally, these defects locally induce the formation of polydomains to achieve thermodynamic
stability [15, 16].
This dissertation provides a detailed investigation into the formation mechanism of
interfacial ferroelectricity and polydomain structures in dielectric and ferroelectric films. It is quite
challenging to quantify structural changes, particularly near the interface and grain boundaries, in
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the dielectric and ferroelectric materials using XRD, XPS, or electron microscopy [17, 18]. Some
of these techniques require the destruction of the samples and recent advancements in laser
photonics have allowed for nonlinear and nondestructive characterization techniques like optical
second harmonic generation (SHG) and time-resolved pump-probe spectroscopy [19, 20]. Optical
SHG has been widely used nonlinear spectroscopic technique for studying crystals lacking
inversion symmetry [21, 22, 23]. As a result, SHG has been employed to study crystal structure,
particularly at surfaces and interfaces, where inversion symmetry is inherently broken. Optical
SHG can be used to characterize local structural distortions near the interfaces of perovskite
crystals [24, 25]. Femtosecond pump-probe spectroscopy has been used to characterize single
crystals, thin films, and other complex systems by analyzing coherent acoustic phonons [26, 27].
In this thesis, we show that interfacial ferroelectricity is present at room temperature in an epitaxial
strontium titanate (SrTiO3) (100) ultrathin film grown on a germanium (Ge) (100) substrate, along
with a SEM measurement and a phase-field simulation. In addition, we confirm the formation of
polydomain structures in a ferroelectric zirconium (Zr)-doped barium titanate (BaTiO3) film and
isolate the mechanism for acoustic wave generation and propagation in the film to just the
thermoelastic effect.

1.1 Ferroelectricity at Dielectric Perovskite Interfaces
Recently, both experimental and theoretical studies on the critical size at which
ferroelectricity disappears have shown to be very small. Experimental and computational results
show that as the film thickness decreases for lead titanate (PbTiO3) films grown on SrTiO3 (STO),
it causes an increase in the depolarization field and a reduction of the polarization and tetragonality
[28, 29, 30, 31]. Manipulation of ferroelectricity in low-dimensional structures has recently
2

garnered broad interest from both fundamental scientific research [32, 33] and practical
technological applications [34, 35]. Retaining ferroelectricity at the nanoscale level has the
potential to not only increase the storage density of traditional nonvolatile ferroelectric memories
[36, 37], but also promote the development of nanoelectronics, including junction-based data
storage and transducing devices [38, 39]. The method of strain engineering, which utilizes a lattice
misfit to enhance functionalities of a film, has achieved successes in many ferroelectric films [40,
41, 42]. Other work has shown that the boundary conditions can strongly influence the domain
morphology, domain size, domain wall width, and nucleation/switching properties [43, 44, 45].
However, it is quite challenging to retain or manipulate an in- or out-of-plane polarization
in ultrathin ferroelectric films because of a strong depolarization field [46, 47], and effects of
interfacial pinning [48] and dislocations [49]. Haeni et al. first revealed the creation of an in-plane
electric polarization by using a tensile strain (~0.8%) in an epitaxial STO film (~50 nm thick)
grown on DyScO3 (011) substrate [41]. An out-of-plane ferroelectric polarization has been induced
by a biaxial strain for the STO film grown on a lanthanum aluminate – strontium aluminum
tantalate (LSAT) substrate. The ferroelectric properties of STO and other perovskites can be
manipulated through substrate strain engineering.
To understand the interactions between a structural and a ferroelectric transition, Li et al.
performed phase field modeling (PFM) to show that a tensile strain as high as ~1% is required to
maintain a ferroelectric phase in the STO film at room temperature [50]. To achieve a stable
electrical performance at room temperature and above, a higher tensile strain must be imposed to
create a large and durable electric polarization in the film plane. This requires an annealing process
to maintain a completely coherent interface in the nanometer scale, thereby avoiding the
detrimental effects of dislocations on strain engineering [49, 51]. Li et al. also analyzed optical
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SHG measurements to determine the crystallographic point group symmetry and direction of the
ferroelectric polarization in a strained STO (100) thin film grown on a DyScO3 (110) substrate.
Their two- and four-folded polar SHG plots showed the ferroelectric polarization appearing in the
orthorhombic states along the <110>p in-plane directions.
Wu et al. performed PFM on a BaTiO3 (BTO) /STO superlattice grown on a STO substrate
under three different interfacial conditions: fully commensurate, partially relaxed, and fully
relaxed [14]. Their results show that the film thickness and type of coherency of the thin film to
the substrate plays a large role in which crystal domain structures are epitaxially formed and the
shape of the simulated hysteresis loops. The PFM results show that tetragonal c+ and c- domains
form a staggered, alternating pattern with 180° ferroelectric domain walls for fully coherent and
partially relaxed conditions, while the fully relaxed condition resulted in the STO layer consisting
of orthorhombic domains with an in-plane polarization and BTO layer consisting of tetragonal
domains with an out-of-plane polarization. Li et al. found that the ferroelectric tetragonal domains
formed in the STO layer under fully commensurate and partially relaxed conditions are due to the
electrostatic interactions between the two layers of the superlattice [50].
Despite tremendous advancements in this field, the scientific community still does not fully
understand how ferroelectricity is induced at perovskite interfaces [52, 53]. We have investigated
the interfacial ferroelectricity in an epitaxial STO (100) ultrathin film grown on a Ge (100)
substrate through optical SHG, XRD, and TEM measurements, and PFM simulations. First, we
collected optical SHG measurements on the STO/Ge thin film and bulk iron (Fe)-doped STO single
crystal samples to compare the nonlinear reflectivity responses and highlight the differences
between the strained thin film and bulk single crystal. We confirm that the ultrathin SrTiO3 film
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shows an in-plane polarization due to a two-dimensional tensile misfit strain between STO thin
film and Ge substrate.

1.2 Polydomain Structures in Ferroelectric Perovskites
Perovskite materials offer the best path forward to new breakthroughs in energy storage
devices, solar cells, electronic sensors, and transducers [54, 55]. As the thickness of a perovskite
film gets smaller, it is important to understand how the prominence of polydomains affect the
material’s ferroelectricity and other electrodynamic properties.
Lichtensteiger et al. studied tetragonality, the ratio of lattice parameters c/a, of ferroelectric
PbTiO3 films from 28 to 480 Å grown on La0.67Sr0.33MnO3 electrodes deposited onto Nb-doped
STO (100) substrates through piezoresponse force microscopy and X-ray photoelectron diffraction
[56]. As the thickness of the PbTiO3 film decreased, the depolarization field increased along with
the tetragonality c/a. The crystal structure transitioned from a ferroelectric monodomain to being
polydomain (180° alternating polarization) and both mono- or polydomain structures existed in
large, isolated areas at film thicknesses of around 249 Å. Furthermore, Lichtensteiger et al. showed
that its tetragonality is directly linked to the depolarization field and the polarization of the film.
These films had a significant reduction in spontaneous polarization but remained ferroelectric
below 50 Å [57].
These perovskite ferroelectrics are typically in a tetragonal structure and recent
advancements in laser photonics have allowed researchers to investigate these internal
crystallographic characteristics without having to destroy the sample. For example, the
ferroelectric Zr-doped BTO (BZT) discussed in this dissertation has a doping level of ~20%.
Isovalent substitution at the B-site atom of Ti4+ ions for Zr4+ ions expands the lattice due to the
5

larger Zr4+ radius [58, 59] and its broken inversion symmetry only allows for its various noncentrosymmetric (rhombohedral, orthorhombic, tetragonal) crystal perovskite structures.
We investigate the formation of polydomain structures in a ferroelectric BZT thin film by
time-resolved pump-probe spectroscopy, consistent with XRD and TEM results. We detect longliving oscillations in the transient reflectivity spectra, which are attributed to the coherent acoustic
phonons propagating through the BZT film and the STO substrate. A linear prediction (LP)
analysis reveals that these oscillations consist of at least four modes, i.e., two quasi-longitudinal
LA and two quasi-transverse or shear TA modes. Fast Fourier transformations (FFT) were done to
obtain their corresponding frequencies. The observation of TA oscillations is attributed to the
existence of inclined polydomain structures in BZT.

1.3 Dissertation Outline
This dissertation consists of two main parts. The first part focuses on the interfacial
ferroelectricity in the lattice-mismatched perovskite STO ultrathin film grown on a Ge (100)
substrate, while the second part focuses on the nonlinear characterization of polydomain structures
in a ferroelectric BZT film. The chapter outlines of this dissertation are listed as follows:
Chapter 1 presents an introduction and motivation which describes the main objective of
this dissertation. The main objective is to provide insights into the nanoscale polarization
engineering of interfacial ferroelectricity in epitaxial STO ultrathin films grown on a Ge (100)
substrate and the formation of polydomain structures in ferroelectric BZT thin films.
Chapter 2 provides a detailed description of the physical concepts and basic theoretical
principles required to understand the underlying physical processes in dielectric and ferroelectric
oxides. This chapter discusses the fundamental principles of the nonlinear optical characterization
6

techniques used in this dissertation such as optical SHG and time-resolved pump-probe
spectroscopy.
Chapter 3 contains the description of the experimental details related to sample preparation,
equipment specifications, and experimental setups for the nonlinear techniques. This chapter
discusses the sample preparation for the STO/Ge thin film and BZT thin film, various ultrafast
laser systems used, optical SHG setups in the reflection geometry, time-resolved pump-probe
setup, TEM setup, and XRD setup.
Chapter 4 presents the interfacial ferroelectricity in an epitaxial ultrathin STO film grown
on a Ge (100) substrate using nonlinear optical SHG spectroscopy. Optical SHG in the reflection
geometry, XRD, and TEM were used complementarily to characterize ferroelectricity at the
interface of the STO/Ge crystal. The result is supported by a phase-field simulation.
Chapter 5 provides the investigation of the formation of polydomain structures in a
ferroelectric BZT thin film. The distribution of mixed tetragonal and rhombohedral phases in the
ferroelectric BZT film was confirmed using time-resolved pump-probe spectroscopy, XRD, and
TEM. The time-resolved pump-probe spectroscopy contained acoustic wave information on
longitudinal and transverse phonons for both tetragonal and rhombohedral domains. This is
consistent with XRD data which clearly show mixed tetragonal and rhombohedral phases in the
BZT thin film. Additionally, TEM images show distinct tetragonal and rhombohedral areas
throughout the BZT thin film.
Chapter 6 provides a summary of the work presented in this dissertation.
All published works have been cited in this thesis.
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Chapter 2
2 Theoretical Background
This chapter contains theoretical background relevant to the dielectric and ferroelectric
samples analyzed in this dissertation, and the fundamental principles employed in nonlinear optical
spectroscopy. Section 2.1 details the dielectric properties of perovskite crystal structures. Section
2.2 discusses ferroelectricity in SrTiO3 and how it is achievable at the interface. Section 2.3
discusses the epitaxial engineering of domain structures in BZT. Section 2.4 discusses the
theoretical background of second harmonic generation. Section 2.5 provides a discussion of timeresolved pump-probe spectroscopy.

2.1 Dielectrics Properties and Perovskite Crystals
Dielectrics are electrical insulators which have the capability of becoming polarized by an
applied electric field. When placed in an electric field, electric charges slightly shift from their
average equilibrium positions, causing dielectric polarization. A linear isotropic dielectric material
has a polarization that can be expressed as:

𝑃̃ (𝑡) = 𝜖0 𝜒𝐸̃ (𝑡)

(2.1)

where 𝜖0 is electric permittivity of free space and χ is the electrical susceptibility constant of the
dielectric material. This susceptibility constant is a dimensionless proportionality constant which
indicates how the polarization of a dielectric material responds to an electric field. In general, it
8

has been seen that linear dielectrics with high susceptibility constants are more prone to breakdown
and fatigue while under large electrical stress. To improve the dielectric performance of dielectrics,
we can exploit the electrical properties of nonlinear dielectrics. For these nonlinear dielectrics, the
polarization must be expanded as a power series [60]:

𝑃̃(𝑡) = 𝜖0 (𝜒 (1) 𝐸̃ (𝑡) + 𝜒 (2) 𝐸̃ (𝑡)2 + ⋯ + 𝜒 (𝑛) 𝐸̃ (𝑡)𝑛 ).

(2.2)

These higher order, nonlinear susceptibility constants are highly dependent on the
crystallographic properties of the material and ferroelectricity has a direct link to the symmetry of
the crystal structure. Crystal structures that lack a center of inversion, meaning the crystal takes a
different form when inverted in any direction, are described as non-centrosymmetric. It is only
these types of crystals that can be ferroelectric [61]. There are only 21 crystallographic point
groups that are non-centrosymmetric, and they are listed in table 2.1.1 with their stereographic
projections and Hermann-Mauguin symmetries [62, 63].
Perovskites are any material with an ABX3 crystal structure like the mineral calcium
titanate (CaTiO3), the first-discovered perovskite from which the crystal structure was named.
These perovskites take the form of ABX3 where A & B are cations and X is usually oxide but can
be any anion [64]. Figure 2.1.1 shows an idealized cubic atomic structure of a perovskite.
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Table 2.1.1: Non-centrosymmetric crystallographic point groups. These point groups correspond
to the following crystal groups: one triclinic (1), two monoclinic (2, 𝑚), two orthorhombic
(222, 𝑚𝑚2), five tetragonal (4, 4, 422, 4𝑚𝑚, 42𝑚), three trigonal (3, 32, 3𝑚), five hexagonal
(6, 6, 622, 6𝑚𝑚, 62𝑚), and three cubic (23, 432, 43) [62, 63].

Figure 2.1.1: Idealized cubic form of the perovskite crystal structure. The green spheres are A
atoms (typically a larger metal cation), the blue sphere is a B atom (generally a smaller metal
cation), and the red spheres are X atoms (usually oxygen).
10

While the perovskite crystal structures observed in this work are mainly tetragonal and
rhombohedral, perovskites can take on many different crystal structural forms [65]. The ideal cubic
form of perovskite is rarely occurring, even in nature, because of the instability and easily distorted
crystallographic nature of compound crystal structures. To describe these conditions, Victor
Moritz Goldschmidt derived the following tolerance factor:

𝑡=

𝑟𝐴 + 𝑟𝑋
√2(𝑟𝐵 + 𝑟𝑋 )

(2.3)

where 𝑟𝐴 , 𝑟𝐵 , and 𝑟𝑋 radii of the A, B, and X ions, respectively [66]. In structures like SrTiO3,
where the A and B ions have ideal size, this tolerance factor is ~0.9-1.0 which can be confidently
considered a cubic structure [67]. When the A ions are too big or B ions are too small, like BaTiO3,
the tolerance factor is >1 and usually take the hexagonal or tetragonal crystal structure. If the
inverse occurs and the A ions are too small or B ions are too big, then the tolerance factor is ~0.710.9 and take on an orthorhombic or rhombohedral crystal structure like CaTiO3. When the A and
B ions have similar ionic radii, then the tolerance factor is ~0.71 and take on a trigonal crystal
structure like FeTiO3. This tolerance factor can be used to calculate the compatibility of an ion
with a crystal structure and predict the stability of a crystal composition. For perovskites grown on
substrates, the tolerance factor is also affected by induced strains.
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2.2 Engineering of Interfacial Ferroelectricity in SrTiO3
SrTiO3 is another perovskite material with crystal phase transitions that are affected by
temperature and strain. SrTiO3 has a cubic perovskite (𝑚3𝑚) crystal structure at room temperature
but undergoes a phase transition to tetragonal (4/𝑚𝑚𝑚) at 105 K. Figure 2.2.1 shows the lattice
parameters of cubic SrTiO3 above the phase transition and the volume parameter a2/3c1/3 as well as
the c- and a-axis below the phase transition [65]. As the temperature decreases below 105 K, the
c-axis begins to rise, and the a-axis parameter falls while the volume remains relatively consistent.

Figure 2.2.1: Lattice parameter of SrTiO3 from 10 to 300 K. The lattice parameter for the cubic
crystal structure above the phase transition at 105 K are denoted as squares, the volume parameter
a2/3c1/3 is denoted as circles, while the c- and a-axes are denoted diamonds and triangles,
respectively [65].
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Additionally, STO begins to show signs of ferroelectricity as the temperature decreases,
however, it remains paraelectric at all temperatures and crystal phase transitions. In strained STO,
Haeni et al. reported ferroelectricity at room temperatures can be induced in thin films [41]. They
showed that a biaxial compressive strain induced on a 500-Å-thick STO film by a lanthanum
aluminate – strontium aluminum tantalate (LSAT) substrate will induce an out-of-plane
ferroelectric polarization while and an in-plane ferroelectric polarization is induced by a biaxial
tensile strain on a 500-Å-thick STO film by a DyScO3 substrate. A ferroelectric transition for STO
near room temperature is achievable with a biaxial tensile strain of ~1% whereas a much higher
~5% strain is necessary for biaxial compressive strain. Additional phase field modeling
simulations confirmed that a tensile strain of ~1-2% is required to maintain SrTiO3 in a
ferroelectric phase at room temperature [14, 28].
Ferroelectricity in STO/Si heterostructures is lost in thicker films due to strain relaxation
[46, 68, 69]. As the film grows, the polarization normal to the surface generates a depolarizing
electric field to eliminate polarization. Ferroelectricity in STO films is only possible in ultrathin
films and the epitaxial strain mismatch maintained ferroelectricity in STO at room temperatures.
Additionally, Kolpak et al. performed first-principles computations and synchrotron XRD to show
that interfacial boundary conditions imposed by the Si substrate fix the SrTiO3 polarization and
inhibit switching between ferroelectric and non-ferroelectric phases [48, 70, 71]. By simply
choosing the right substrate and engineering the strain, a ferroelectric state can be fixed in SrTiO3
at room temperature. Furthermore, a reduction in the film size would enhance the ferroelectric
properties instead of eliminating them.
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2.3 Polydomain Structures in Zr-Doped BaTiO3 Films
Ferroelectricity is a property of certain materials that have a spontaneous electric
polarization in the absence of an electric field. As the polarization in a polydomain material
increases, the randomly oriented dipole moments begin to polarize with respect to the applied
electric field. The key property that separates ferroelectricity from dielectric and paraelectric
polarization is that ferroelectrics have a remanent polarization in the absence of an electric field.
Due to their unique properties, ferroelectric materials are found in many technological applications
[72, 73]. For example, BaTiO3 is widely used as capacitors [74], memory devices [75], or even
transducers for its low dielectric loss and dielectric constant values as high as 15,000 at certain
temperature [76, 77]. Although BaTiO3 has a Goldschmidt tolerance factor of ~1.07, an indicator
for the stability and distortion of crystal structures, this material exists as one of four temperaturedependent polymorphs. At room temperature, BaTiO3 exists as a tetragonal (4mm) crystal structure
with an in- and out-of-plane lattice constant of 𝑎 = 3.992 Å and c= 4.036 Å, respectively.
Additionally, doping the perovskite with a larger B cation, like Zr4+, also induces structural
changes in BTO. The Zr4+ cation has a larger radius of 0.72 Å and would reduce the Goldschmidt
tolerance factor to ~1.01. Thus, BZT is more stable than BaTiO3 and exhibits a rhombohedral (3m)
crystal structure. Figure 2.3.1 displays the phase transitions between the different crystal structures
in ferroelectric BTO at different doping levels of Zr4+.
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Figure 2.3.1: Crystal phase transition plot of bulk ferroelectric Ba(Zrx:Ti1-x)O3 at different doping
levels of Zr4+ [110].

Furthermore, it has been shown that the phase transitions are also affected by the lattice misfit
between this material and the substrate it is grown on [78]. A compressive strain is exerted on BZT
when the lattice constant of the substrate is smaller than the lattice constant of BZT film. The phase
transition plot of BZT under compressive strain can be seen in Figure 2.3.2 below. The dashed line
in the figure shows the equilibrium phase of BZT under compressive strain as a function of the
Zr4+ doping level. At ~20% Zr4+ doping level, the compressive strain on BZT induces a metastable
phase at room temperature where both tetragonal and rhombohedral phases exist together.
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Figure 2.3.2: Phase transition plot at different doping levels of Zr4+ in bulk ferroelectric
Ba(Zrx:Ti1-x)O3 (solid lines) and under compressive strain (dashed lines) [111].

To induce an in-plane compressive strain, we choose a BTO material doped with 0.01 wt% Fe,
which has a lattice constant of ~4.06 Å, grown on single crystalline STO substrate with a lattice
constant of ~3.905 Å. BZT predominately takes a tetragonal crystal structure while relaxing into
the rhombohedral form as the thickness increases and the compressive strain weakens. This creates
heterophase polydomain structures in the film at room temperature that can absorb more electrical
energy under an external field by transforming into single phases structures. The energy density
and hysteresis efficiency of BZT can be optimized by manipulating the misfit strain to adjust the
ratio of tetragonal to rhombohedral phases via altering the film thickness and/or substrate.
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2.4 Principles of Optical Second Harmonic Generation
Second harmonic generation (SHG) is a nonlinear optical phenomenon that occurs when
electromagnetic waves interact with a nonlinear medium [79, 80]. In this optical process, two
photons of a frequency ω are absorbed by the nonlinear material and a photon of frequency 2ω is
emitted, as shown in Figure 2.4.1 below. This phenomenon is only allowed in crystal point groups
without a center of inversion symmetry which makes it an ideal investigatory tool for noncentrosymmetric materials like doped perovskites [79, 81].

Figure 2.4.1: Quantum mechanical diagram of the energy transitions in the second harmonic
generation process. Two photons of frequency ω are absorbed and a single photon of frequency
2ω is emitted.
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2.4.1 Derivation of the Wave Equation for Nonlinear Optical Media
It has been shown how the nonlinearity in the response of a material system to an intense
laser field can cause the polarization of the medium to develop new frequency components not
present in the incident radiation field. These new frequency components of the polarization act as
sources of new frequency components of the electromagnetic field.
Here, we examine how Maxwell’s Equations describe the generation of those new
components of the field and, more generally, we show how the various frequency components of
the field become coupled by the nonlinear interaction.
Let us consider the form of the wave equation for the propagation of light though a
nonlinear optical medium. We start off with Maxwell’s Equations,

̃ = 𝜌̃,
𝛻⋅𝐷

(2.4)

𝛻 ⋅ 𝐵̃ = 0,

(1.5)

𝜕
𝛻 × 𝐸̃ = − 𝜕𝑡 𝐵̃,

(2.6)

̃= 𝜕𝐷
̃ + 𝐽̃,
𝛻×𝐻
𝜕𝑡

(2.7)

̃),
with four conditions: no free charges (𝜌̃ = 0), no free currents (𝐽̃ = 0), nonmagnetic (𝐵̃ = 𝜇0 𝐻
̃ = 𝜖0 𝐸̃ + 𝑃̃). Now, we derive the optical wave equation.
and nonlinear (𝐷

𝛻 × (𝛻 × 𝐸̃ ) = 𝛻 × (−
=−

𝜕
𝜕
𝐵̃ ) = − (𝛻 × 𝐵̃ )
𝜕𝑡
𝜕𝑡

𝜕
̃)
(𝛻 × 𝜇0 𝐻
𝜕𝑡
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= −𝜇0
= −𝜇0

𝜕 𝜕
̃ + 𝐽̃)
( 𝐷
𝜕𝑡 𝜕𝑡

𝜕2
(𝜖 𝐸̃ + 𝑃̃)
𝜕𝑡 2 0

(2.8)

and finally,
𝛻 × (𝛻 × 𝐸̃ ) = −𝜇0 𝜖0

𝜕2
𝜕2
̃
𝐸 − 𝜇0 2 𝑃̃
𝜕𝑡 2
𝜕𝑡

or
1 𝜕2

𝛻 × (𝛻 × 𝐸̃ ) + 𝑐 2 𝜕𝑡 2 𝐸̃ = − 𝜖

1

𝜕2

𝑐2

𝜕𝑡 2

0

𝑃̃.

(2.9)

This is the most general form of the wave equation in nonlinear optics. Under certain
conditions, it can be simplified even further. Through vector calculus, we can say

𝛻 × 𝛻 × 𝐸̃ = 𝛻(𝛻 ⋅ 𝐸̃ ) − 𝛻 2 𝐸̃ = −𝛻 2 𝐸̃

(2.10)

because 𝛻 ⋅ 𝐸̃ = 0. Quite often nonlinear optical interactions involve optical waves whose
frequencies are much smaller than the lowest resonance frequency of the material system. Under
these conditions, the nonlinear susceptibility is essentially independent of frequency. Furthermore,
under conditions of low-frequency excitation the system essentially responds instantaneously to
the applied field, and under such conditions the nonlinear polarization can be described in the time
domain by the relation 𝑃̃ = 𝜖0 𝜒𝐸̃ , where the susceptibility 𝜒 can be taken to be a constant. Then,

̃ = 𝛻 ⋅ (𝜖0 𝐸̃ + 𝑃̃)
𝛻⋅𝐷
= 𝛻 ⋅ (𝜖0 𝐸̃ + 𝜖0 𝜒𝐸̃ )
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̃ = 𝜖0 (1 + 𝜒)𝛻 ⋅ 𝐸̃
𝛻⋅𝐷

(2.11)

̃ = 0 then 𝛻 ⋅ 𝐸̃ = 0. In nonlinear optics, 𝛻(𝛻 ⋅ 𝐸̃ ) is generally
and since 𝜒 > 0, if 𝛻 ⋅ 𝐷
nonvanishing but negligibly small. In cases of interest, i.e., transverse infinite plane waves, it can
be dropped. The wave equation can be simplified using the refractive index of the material 𝑛 to:
𝛻 2 𝐸̃ −

𝑛2 𝜕 2
1 𝜕2
̃=
̃
𝐸
𝑃.
𝑐 2 𝜕𝑡 2
𝜖0 𝑐 2 𝜕𝑡 2

(2.12)

2.4.2 Derivation of the Second Harmonic Optical Intensity Equation
Under large optical intensities, the induced polarization is better described expanded as a
power series with respect to the electric field of the incident light and the susceptibility tensor to
account for nonlinear sources of radiation:

𝑃̃ (𝑡) = 𝜖0 (𝜒 (1) 𝐸̃ (𝑡) + 𝜒 (2) 𝐸̃ (𝑡)2 + ⋯ + 𝜒 (𝑛) 𝐸̃ (𝑡)𝑛 ).

(2.13)

The first term is the linear polarization response, and the later terms represent the nonlinear
response due to optical effects. The second-order polarization term is the most crucial term in this
work because it gives rise to the optical process known as SHG [82].
During this process, two photons of frequency ω are absorbed and a photon of frequency
2ω is emitted by the material. This process is forbidden in crystal point groups that maintain an
inversion symmetry. The second-order, nonlinear polarization can be formally described in full
detail by writing the second-order susceptibility constant as a third-rank tensor:
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(2)
𝑃̃𝑖 (2𝜔) = 𝜖0 ∑ 𝜒𝑖𝑗𝑘 (2𝜔; 𝜔, 𝜔)𝐸̃𝑗 (𝜔)𝐸̃𝑘 (𝜔)

(2.14)

𝑗,𝑘

where 𝑖, 𝑗, 𝑘 = 1, 2, 3 represents the 𝑥, 𝑦, 𝑧 axes of the electric field of the incident photon 𝐸̃𝑗,𝑘 (𝜔)
and the polarization of the emitted photon 𝑃̃𝑖 (2𝜔). The second-order susceptibility constant can
be written as a tensor to represent all the possible components:

𝜒111

𝜒122

(2)

𝜒133

(2)

𝜒123

(2)

𝜒132

(2)

𝜒131

(2)

𝜒113

(2)
𝜒𝑖𝑗𝑘 = 𝜒211

𝜒222

(2)

𝜒233

(2)

𝜒223

(2)

𝜒232

(2)

𝜒231

(2)

𝜒213

(2)

𝜒333

(2)

𝜒323

(2)

𝜒332

(2)

𝜒331

(2)

𝜒313

(2)

(2)

(2)

[𝜒311

𝜒322

(2)

(2)
(2)

𝜒112

(2)

𝜒121

(2)

𝜒221

(2)

𝜒321 ]

𝜒212
𝜒312

(2)

(2)

(2.15)

(2)

and the polarization of the emitted photon can be explicitly written as:

𝑃̃1 (2𝜔)
[𝑃̃2 (2𝜔)]
𝑃̃3 (2𝜔)

𝜒111

𝜒122

(2)

𝜒133

(2)

𝜒123

(2)

𝜒132

(2)

𝜒131

(2)

𝜒113

(2)
= 𝜖0 𝜒211

𝜒222

(2)

𝜒233

(2)

𝜒223

(2)

𝜒232

(2)

𝜒231

(2)

𝜒213

(2)

𝜒333

(2)

𝜒323

(2)

𝜒332

(2)

𝜒331

(2)

𝜒313

(2)

(2)

[𝜒311

𝜒322

(2)

(2)
(2)

(2)

𝜒112
(2)

𝜒212
(2)

𝜒312

𝐸̃1 (𝜔)2
𝐸̃2 (𝜔)2
𝐸̃3 (𝜔)2
(2.16)
(2)
𝜒121 𝐸̃2 (𝜔)𝐸̃3 (𝜔)
(2)
𝜒221 𝐸̃3 (𝜔)𝐸̃2 (𝜔) .
̃
̃
(2)
𝜒321 ] 𝐸3 (𝜔)𝐸1 (𝜔)
𝐸̃1 (𝜔)𝐸̃3 (𝜔)
𝐸̃1 (𝜔)𝐸̃2 (𝜔)
[𝐸̃2 (𝜔)𝐸̃1 (𝜔)]

Since the medium is necessarily lossless whenever the applied field frequencies are very
much smaller than the resonance frequency, the condition of full permutation symmetry must be
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valid under these circumstances. This condition sates that the indices can be permuted if the
frequencies are permuted simultaneously. However, under the present conditions 𝜒 (2) does not
actually depend on the frequencies, and the indices can be permuted without permuting the
frequencies. This is known as the Kleinman symmetry condition, and it is valid whenever
dispersion of the susceptibility can be neglected. When this condition is valid, we can assume that
(2)

𝜒𝑖𝑗𝑘 is symmetric with regard to its last two indices. This assumption can also be made in general
for second-harmonic generation, since the two incident photons are at the same frequency. As a
result, the 𝑗, 𝑘 indices of 𝜒 (2) can be represented as

𝑗𝑘
𝑙

:
:

11
1

33
3

22
2

23,32
4

31,13
5

12,21
6

which would reduce the 27 tensor components to 18 tensor components:

(2)

𝜒12

(2)
𝜒𝑖𝑙 = [𝜒21

𝜒11
(2)

(2)
𝜒31

(2)

𝜒14

𝜒23

(2)

(2)
𝜒33

(2)

𝜒13

𝜒22

(2)

(2)
𝜒32

(2)

𝜒16

𝜒25

(2)

𝜒26 ]

(2)
𝜒35

(2)
𝜒36

(2)

𝜒15

𝜒24

(2)

(2)
𝜒34

(2)
(2)

(2.17)

and the nonlinear polarization leading to SHG can be described as a matrix equation:

(2)

𝜒11
𝑃̃1 (2𝜔)
(2)
[𝑃̃2 (2𝜔)] = [𝜒21
(2)
𝑃̃3 (2𝜔)
𝜒
31

(2)

𝜒14

(2)

𝜒24

(2)

𝜒34

(2)

𝜒13

(2)

𝜒23

(2)

𝜒33

𝜒12

𝜒22
𝜒32

(2)

(2)

𝜒15

(2)

𝜒25

(2)

𝜒35

(2)
(2)

𝐸̃1 (𝜔)2
(2)
𝐸̃2 (𝜔)2
𝜒16
𝐸̃3 (𝜔)2
(2)
.
𝜒26 ] ̃
̃3 (𝜔)
(𝜔)𝐸
2𝐸
2
(2)
𝜒36 2𝐸̃ (𝜔)𝐸̃ (𝜔)
3
1
̃
̃
(𝜔)𝐸
[2𝐸1
2 (𝜔)]

(2.18)
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Historically, the Kleinman symmetry introduces a new notation:

𝑑𝑖𝑗𝑘 =

1 (2)
𝜒 .
2 𝑖𝑗𝑘

(2.19)

However, this notation does not simplify anything and will not be used here. It should also be
(2)

noted that if we can assert that all the indices can be freely permuted, then 𝜒𝑖𝑙 will only have 10
independent elements:

(2)

𝜒12

(2)
𝜒𝑖𝑙 = [𝜒16

𝜒22

(2)

𝜒24

𝜒11
(2)

𝜒15

(2)

𝜒13

(2)

𝜒14

(2)

𝜒23

(2)

𝜒33

(2)

𝜒15

(2)

𝜒24

(2)

𝜒23

(2)

𝜒16

(2)

𝜒14

(2)

𝜒13

(2)

(2)

(2)
𝜒12 ].

(2)

𝜒14

(2.20)

(2)

To derive the general expression for the SHG intensity, we start with the second-order
polarization acting as a source for radiation at the second-harmonic frequency:

𝛻 × (𝛻 × 𝑬2𝜔 (𝒓, 𝑡)) +

(𝑛2𝜔 )2 𝜕 2 2𝜔
𝜕 2 2𝜔
(𝒓,
𝑬
𝑡)
=
𝜇
𝑷 (𝒓, 𝑡).
0
𝑐 2 𝜕𝑡 2
𝜕𝑡 2

(2.212)

Let us examine the case where the second-harmonic field is propagating along the z-axis inside a
nonlinear medium. The harmonic electrical and polarization fields can then be described as:

𝑬2𝜔 (𝒓, 𝑡) = 𝑬2𝜔 (𝑧)ⅇ −𝑖(2𝜔𝑡)

(2.22)

𝑷2𝜔 (𝒓, 𝑡) = 𝑷2𝜔 (𝑧)ⅇ −𝑖(2𝜔𝑡)

(2.233)
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Plugging these fields into the wave equation and solving the time-derivatives leaves a spatially
resolved wave equation in terms of the amplitude functions:

−𝛻 × (𝛻 × 𝑬2𝜔 (𝑧)) +

(𝑛2𝜔 )2 (2𝜔)2 2𝜔
𝑬 (𝑧) = 𝜇0 (2𝜔)2 𝑷2𝜔 (𝑧),
𝑐2

(2.24)

and since we are considering a unidirectional propagation along the z-axis, we can approximate
the curl as the following:

−𝛻 × (𝛻 × 𝑬

2𝜔 (𝑧))

𝜕 2 2𝜔
𝜕
= 2 𝑬 (𝑧) + 2𝑖𝑘 2𝜔 𝑬2𝜔 (𝑧) − (𝑘 2𝜔 )2 𝑬2𝜔 (𝑧).
𝜕𝑧
𝜕𝑧

(2.25)

Additionally, the change in amplitude of the second-harmonic field over the length of a wavelength
is negligible, so the second-order derivative with respect to the 𝑧-axis can be dropped out by the
slowly varying amplitude approximation to get:

2𝑖𝑘 2𝜔

(𝑛2𝜔 )2 (2𝜔)2 2𝜔
𝜕 2𝜔
𝑬 (𝑧) − (𝑘 2𝜔 )2𝑬2𝜔 (𝑧) +
𝑬 (𝑧) = 𝜇0 (2𝜔)2 𝑷2𝜔 (𝑧)
𝜕𝑧
𝑐2

and since 𝑘 2𝜔 =

2𝜔⋅𝑛2𝑤
𝑐

(2.26)

, we are left with:

2𝑖𝑘 2𝜔

𝜕 2𝜔
𝑬 (𝑧) = 𝜇0 (2𝜔)2 𝑷2𝜔 (𝑧).
𝜕𝑧

(2.27)
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From here, we can substitute for the amplitude functions of the second-harmonic electric and
polarization fields:

𝑬2𝜔 (𝑧) = 𝐸 2𝜔 (𝑧)ⅇ 𝑖𝑘

2𝜔 𝑧

(2)

𝑷2𝜔 (𝑧) = 2𝜖0 𝜒𝑒𝑓𝑓 𝐸 𝜔 (𝑧)2 ⅇ 2𝑖𝑘

(4)
2𝜔 𝑧

(2.29)

(2)

where 𝜒𝑒𝑓𝑓 is the effective second-order susceptibility constant which considers the polarization
directional vectors as well as Fresnel transformation factors for the single-frequency electric fields.
Finally, the wave equation at the second-harmonic frequency can be described by the following
differential equation:

𝜕 2𝜔
𝑖𝜔 (2)
𝐸 (𝑧) = − 2𝜔 𝜒𝑒𝑓𝑓 (𝐸 𝜔 )2 ⅇ 𝑖(Δ𝑘𝑧)
𝜕𝑧
𝑛 𝑐

(2.30)

where Δ𝑘 = 𝑘(2𝜔) − 2𝑘(𝜔) and 𝑘 = 2𝜋⁄𝜆 is the wavevector of the light for the corresponding
frequency. Integrating the wave equation with respect to the 𝑧-axis over the interaction length 𝐿
allows us to solve for the second-harmonic optical intensity:

(2) 2

𝐼 2𝜔

2𝜔2 |𝜒𝑒𝑓𝑓 | 𝐿2 sin(𝛥𝑘𝐿⁄2) 2
= 2𝜔 𝜔 2 3 (
) (𝐼 𝜔 )2 .
𝑛 (𝑛 ) 𝑐 𝜖0
𝛥𝑘𝐿⁄2

(2.31)
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This relation explicitly shows the SHG intensity is directly dependent on the structural symmetry
of the probed region and the magnitude of the SHG intensity scales with the square of the incident
optical intensity. The SHG intensity profile may be fitted according to the proportionality:

(2) 2

𝐼(2𝜔) ∝ |𝜒𝑒𝑓𝑓 | ∝ 𝑃(2𝜔)2 .

(2.32)

2.5 Time-Resolved Pump-Probe Spectroscopy
Pump-probe spectroscopy is an experimental technique used to study the ultrafast electron
and phonon dynamics within semiconductors and dielectric materials. The timescales of electron
and lattice processes are on the order of 10-9 to 10-15 seconds and require ultrafast lasers like those
in this work. Femtosecond laser pulses split into two beams, a strong pump beam and a weaker
probe. The probe beam is used to monitor the pump-induced reflectivity changes within the
sample. The propagation of coherent longitudinal acoustic phonons in our BZT samples begin with
the absorption and immediate thermal expansion of the top electrode via electron-electron
interactions. This energy is then transferred to the BZT crystal lattice via the propagation of an
elastic strain wave.
In this section, we discuss the fundamental concepts of normal modes and crystal lattice
vibrations in solid state physics that generate acoustic phonons quantum mechanically [83, 84].
We begin with a simple one-dimensional model of vibrations in a crystal lattice. A one-
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dimensional linear chain of atoms restricts the interactions to only between the nearest neighbors.
The restoring force of the displaced atom from equilibrium is given by the harmonic potential:

𝑉(𝑥, 𝑥 ′ ) = −

𝐾
(𝑥 − 𝑥 ′ )2
2

(2.33)

where 𝐾 is the force constant which represents the stiffness of atomic bond. Let us consider a case
where each unit cell of period 𝑑 comprises of two alternating atoms of masses 𝑀1 and 𝑀2 attached
to springs with a spring constant 𝐾. The masses are assumed to have their motion constrained
longitudinally along the chain. The equations of motion for the displacement of each atom are:

𝑀1 𝑢̈ 1𝑛 = −𝐾[(𝑢2𝑛 − 𝑢1𝑛 ) − (𝑢1𝑛 − 𝑢2𝑛−1 )]
𝑀2 𝑢̈ 2𝑛 = −𝐾[(𝑢1𝑛+1 − 𝑢2𝑛 ) − (𝑢2𝑛 − 𝑢1𝑛 )]

which can be simplified to:

𝑀1 𝑢̈ 1𝑛 = 𝐾[2𝑢1𝑛 −𝑢2𝑛 − 𝑢2𝑛−1 ]
(2.34)
𝑀2 𝑢̈ 2𝑛 = 𝐾[2𝑢2𝑛 − 𝑢1𝑛+1 − 𝑢1𝑛 ]

where 𝑢𝑗𝑛 is the displacement from equilibrium of atom 𝑗 = 1, 2 in the 𝑛th unit cell. This set of
differential equations, one for each variable, determine the dynamics of the system. For a system
of 𝑁 coupled 1-D oscillators there exists 𝑁 normal modes in which all oscillators move
sinusoidally with the same frequency and with a fixed phase relation [84].
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Figure 2.5.1: Model of a one-dimensional diatomic crystal chain with lattice displacements. Two
distinguishable atoms of mass M1 and M2 are represented as circles and squares, respectively. They
are neighbors with the other species and connected by a spring of constant K that allows a
displacement u. A pair of each atom makes a unit cell n along the one-dimensional chain.

Because of the periodicity of the crystal unit cells, we can use a Bloch wave of the form
𝑢𝑗 = 𝑄𝑗 (𝑞)ⅇ 𝑖(𝛺𝑡−𝑞𝑑) as an ansatz to find these normal modes, where 𝑞 and 𝛺 are respectively the
wavevector and frequency of the corresponding eigenmode [84]. We can express the equations of
motion in matrix form:

2𝐾
𝑄 1𝑄
𝑄 1𝑄
𝐾
−𝑀 (1 + ⅇ +𝑖𝑞𝑑 )
𝑄1
𝑄
1
𝑀1
𝑄
𝑄 1𝑄
2 𝑄
−𝛺
=
𝑄 1𝑄
2𝐾
𝑄 1𝑄
𝐾
𝑄2
−𝑀 (1 + ⅇ −𝑖𝑞𝑑 )
𝑄
(𝑄
𝑄) ( 2
𝑀2
) (𝑄 2 𝑄)

(2.35)

where the nontrivial solutions can be obtained by solving the characteristic equation
det(𝐴 − 𝜆𝕀) = 0. Simplifying the characteristic equation yields:
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𝑞𝑑
𝑀1 𝑀2 𝛺 4 − 2𝐾(𝑀1 + 𝑀2 )𝛺 2 + 4𝐾 2 sin ( ) = 0
2

and the corresponding solutions are:

1∕2

𝑀1 + 𝑀2
𝑀1 + 𝑀2 2
4
𝑞𝑑
2 (𝑞)
) −
𝛺±
=𝐾
± 𝐾 [(
sin2 ( )]
𝑀1 𝑀2
𝑀1 𝑀2
𝑀1 𝑀2
2

.

(2.36)

This is the dispersion relation of the waves in the 1-D crystal. The two solutions represent two
different branches of the vibrational modes: the Ω+ solution is generally known as the optical
branch because these modes close to 𝑞 = 0 have been known to couple to electromagnetic
radiation through the induced oscillating electric dipole in an ionic material, and the Ω− solution
is known as the acoustic branch since the dispersion relation is linear around q ≈ 0, characteristic
of sound waves [85]. If we assume that 𝑀2 > 𝑀1 , then the frequencies at 𝑞 = ± 𝜋⁄𝑑 are given by
𝛺1,2 = (2𝐾 ⁄𝑀1,2 )

1⁄2

. It should be noted that modes with frequencies between Ω1 and Ω2 have a

purely imaginary wavevector and therefore do not propagate.
Due to the translational symmetry of the crystal, the frequency function Ω(𝑞) is periodic
in 𝑞 with a period 2𝜋/𝑑. All information of the vibrational modes of the lattice is contained within
− 𝜋⁄𝑑 < 𝑞 < 𝜋⁄𝑑 and any wavevector outside of this region can be translated inside. This region
is known as the one-dimensional, first Brillouin zone of the linear chain.
The motion of the interacting atoms can be decoupled by transformation to the normal
mode basis. These vibrational modes are independent harmonic oscillators with quantized
frequencies and wavevectors. The quantization of the vibrational modes in a crystallographic solid
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is analogous to the quantization of the electromagnetic field of photons. The quantized energy in
a normal mode of vibrations is called a phonon and they come in two flavors: optical phonons and
acoustic phonons corresponding to the phonon modes in the optical or acoustic branch,
respectively.
Furthermore, these phonons can be differentiated by either transverse or longitudinal
polarization with respect to their propagation direction [86]. The sound velocities for the
transverse, quasi-transverse, and quasi-longitudinal acoustic phonons are calculated using the
following equations [87]:

𝑉TA = √

C66 sin2 𝜃 + C44 cos2 𝜃 + C14 sin 2𝜃
𝜌

𝑉QTA = √

𝑉QLA = √

A − √B2 + C2

(2.37)

(2.38)

2𝜌

A + √B2 + C2

(2.39)

2𝜌

where the Cij and ρ are the elastic coefficients and density of BaTiO3, respectively, θ is the angle
of the probe polarization with respect to the optical table, and A, B, C are:
A = C44 + C11 sin2 𝜃 + C33 cos 2 𝜃 − C14 sin 2𝜃

(2.40)

B = (C44 − C11 ) sin2 𝜃 + (C33 − C44 ) cos2 𝜃 − C14 sin 2𝜃

(2.41)

C = (C44 + C13 ) sin 2𝜃 − 2C14 sin2 𝜃.

(2.42)
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The elastic coefficients and density of BTO used in these calculations are shown in Table 2.5.1
below [88, 89]. Figure 2.5.2 shows the sound velocities of the acoustic phonons as a function of
the crystalline angle. Our calculations provide evidence that the angular selection rules which
dictated transverse phonon excitations in earlier experiments conducted by other research groups
are not present in our work. This lack of an angular dependence suggests the transverse phonon
excitation mechanism is purely thermal.
C11

C13

C33

C14

C44

C66

ρ

276 GPa

41 GPa

263 GPa

45 GPa

47 GPa

98 GPa

6020 kg/m3

Table 2.5.1: Table of elastic coefficients and density for BaTiO3 [88, 89].
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Figure 2.5.2: Polar plots of the sound velocities for the transverse, quasi-transverse, and quasilongitudinal acoustic phonons in BaTiO3.
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Chapter 3
3 Experimental Details
This chapter discusses the samples used and the experiments conducted in this dissertation.
Section 3.1 provides a detailed description of the fabrication process of the two samples that we
investigated: strontium titanate (SrTiO3) thin film grown on germanium (Ge) substrate and bulk
BZT film grown on SrTiO3 (STO) substrate. Section 3.2 elaborates on the femtosecond laser
systems used to conduct our optical measurement experiments. Section 3.3 discusses the optical
second harmonic generation experiment conducted on the STO/Ge sample. Section 3.4 discusses
the pump-probe experiment performed on the BZT sample. Section 3.5 discusses the transmission
electron microscopy as well the x-ray and electron diffraction that was also performed on the
STO/Ge sample.

3.1 Sample Preparation
3.1.1 Strontium Titanate on Germanium (SrTiO3/Ge) Thin Film
The SrTiO3/Ge sample used in this work was grown via atomic layer deposition (ALD) by
our collaborator, the Ekerdt group at The University of Texas at Austin. The surface of the Ge
(100) substrate was prepared for the STO film deposition in an ultra-high vacuum (UHV) system
with a base pressure below 3×10−9 torr. The substrate was dried after undergoing solvent
degreasing, then it was exposed to an ultraviolet/ozone to remove residual carbon contamination.
While under UHV, the substrate was moved directly into an annealing chamber that was equipped
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with a silicon carbide heater and reflection high-energy electron diffraction (RHEED). The
substrate was annealed at 700 °C for 60 minutes for proper thermal deoxidation. When the sample
was transferred to the analytic chamber and cooled below 200 °C, the 2× reconstructed Ge (100)
surface was observed by RHEED. The quality of the Ge substrate surface is strongly indicated by
the intensity of the ½-order spots in the 2×1 surface reconstruction, and crystalline STO film
growth was achieved [90].
The Ge (100) substrate was then transferred in-vacuo to the atomic layer deposition (ALD)
system. Thin film growth of STO on the thermally deoxidized Ge (100) substrate was achieved at
a substrate temperature of 225 °C using metalorganic precursors for Sr and Ti known as HyperSr
and TTIP, respectively, and purified water as co-reactants. Both the HyperSr and TTIP
metalorganic precursors were chosen due to their commercial availability and common use in ALD
[91, 92, 93].
The supercycle of STO consisted of a combination of subcycles for the binary oxides. Each
subcycle of the metalorganic precursor consisted of a 2 second dose of the HyperSr or TTIP, a 15
second purge with Ar, a 1 second pulse of purified H2O, and another final 15 second purge with
Ar. The STO nucleation on Ge required a Sr-heavy supercycle (a ratio of 2:1 for the Sr:Ti
subcycles) to achieve stoichiometric to slightly Sr-rich STO films. This is critical for achieving an
epitaxial crystalline STO film. Under these conditions, a thin amorphous STO buffer layer (~2 nm)
was first deposited with 12 supercycles consisting of 24 Sr and 12 Ti subcycles. The STO thin film
on Ge substrate was then heated in the annealing chamber to a substrate temperature of 650 °C at
a rate of 20 °C per min to induce a transition of the STO thin film from amorphous to crystalline.
The crystallized STO thin film was transferred back into the ALD chamber for an additional ~8
nm growth of STO thin film. This layer consisted of a supercycle with four Sr to three Ti subcycles.
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The substrate temperature was raised to 225 °C for nearly stoichiometric film growth, which was
consistent with a previous study. The newly deposited STO film was amorphous to weakly
crystalline due to lattice matching with the underlying ~2 nm STO buffer layer. Finally, the newly
deposited STO thin film was annealed at 650 °C for 5 min to fully crystallize to the STO buffer
layer.

3.1.2 Zr-Doped Barium Titanate (Zr:BaTiO3) Film
This Zr-doped BaTiO3 (BZT) sample was fabricated by RF-magnetron sputtering by our
collaborator, the Ouyang group at Shandong University. A SrTiO3 substrate with dimensions of
10×10×0.5 mm3 was used to grow the BZT film and SrRuO3 (SRO) ceramic targets (Φ = 50 mm,
t = 5 mm, 3N purity) were used to make the electrode contacts. These SRO electrodes were first
deposited on the STO substrates via RF-magnetron sputtering with a base chamber pressure of
2.0×10−9 bar (2.0×10−4 Pa). The ~100 nm thick electrode layer was followed by the deposition of
~1800 nm ferroelectric BZT film. Ba(Zr0.2Ti0.8)O3 ceramic targets were prepared using a solid
solution-based reaction. Titanium oxide (TiO2, 98%), zirconium oxide (ZrO2, 99%), and barium
carbonate (BaCO3, 99%) powders were used as the primary reagents during the BZT ceramic
sintering process. Lastly, the same SRO top electrodes were sputtered onto the BZT films at room
temperature and annealed at 600 °C for 10 minutes. An SEM side profile and drawing is provided
in Figure 3.1.2 below.
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Figure 3.1.2: (Left) Side profile SEM and (Right) illustration of a typical stacked sample of a STO
substrate, BZT thin film, and SRO electrodes.

The lattice parameter of SrTiO3 is 3.905 Å and, at room temperature, the BZT film
maintains a rhombohedral (3m) phase with an approximate lattice parameter of a = 4.00-4.02 Å.
Due to this lattice mismatch, the SrTiO3 substrate compensated by exerting a compressive strain
on the BZT film to form tetragonal (4mm) and mixed phases along the thickness of the film. It is
possible to tune this compressive strain by varying the thickness of the BZT thin films to enable
the formation of competing domain structures for better energy storage performance.
The crystallographic structure of the BZT films were analyzed using x-ray diffraction
(XRD) via the Brucker D8 Discover (φ- and 2θ-scans with a rotated χ angle) at the Center for
Discovery and Innovation at the City College of New York. Phase structures and nanostructures
were also investigated using the FEI Titan Halo 80-300 transmission electron microscopy (TEM)
in the Advanced Science Research Center at the City College of New York. These devices are
further described in the following sections of this chapter.
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3.2 Ultrafast Laser Systems
The modern field of ultrafast optics (10-12-10-15 s) was made possible by the mode-locking
studies of solid-state and organic dye lasers in the 1960s and 1970s, and the first report of the selfmode-locked Ti:Sapphire (Ti:Al2O3) laser was a key transitioning point to today. Pulsed laser
systems are essential for probing nonlinear structure in crystalline solids without saturating the
sample like continuous wave (CW) lasers. Typically, power in the milliwatt range is sufficient to
induce a nonlinear response from a non-centrosymmetric medium like perovskites. Three
femtosecond laser systems were used in this experimental work: an all-in-one Ti:Sapphire
oscillator and regenerative laser system (Libra, Coherent), a Ti:Sapphire regenerative amplifier
(RegA 9000, Coherent) seeded by a Ti:Sapphire oscillator (Tsunami, Spectra-Physics), and an
optical parametric amplifier (TOPAS-Prime, Light Conversion).

3.2.1 Ultrafast Femtosecond Ti:Sapphire Laser Assembly
This body of work is made possible because of the lasing capabilities of Ti:Sapphire. This
crystalline material is produced by adding Ti2O3 into a melt of Al2O3 where a small percentage of
the Al3+ ions is replaced by Ti3+ ions. This causes a split in the electronic ground state of the Ti3+
ion to create a pair of vibrationally broadened levels. The absorption spectrum occurs over a broad
range of ~400-700 nm and the emission spectrum occur from ~600-1100 nm. The overlap of
wavelengths from the long end of the absorption spectrum with the short end of the emission
spectrum restrict lasing capabilities to wavelengths longer than 660 nm with optimal operation at
a wavelength of 800 nm.
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Additionally, the self-starting Kerr-lens mode-locking of the Ti:Sapphire laser allows for
ultrashort pulses [94]. To better understand mode-locking, let us examine the general wave
equation:

∇2 𝐸(𝑧, 𝑡) −

1 𝜕 2 𝐸(𝑧, 𝑡)
= 0.
𝑐 2 𝜕𝑡 2

(3.1)

Under the boundary conditions of a laser cavity length L, we obtain a set of differential equations
whose solutions give us following dispersion relation for the longitudinal modes:

𝑛𝜋 2 𝜔2
( ) = 2
𝐿
𝑐

(3.2)

where n is the order of the longitudinal mode, k is the wavenumber, and ω is the angular frequency.
From here, we can substitute in ω = 2πυ and c = λυ to determine the allowed optical wavelengths
in the cavity are given by:

𝜆𝑛 =

2𝐿
.
𝑛

(3.3)

The many modes oscillate within the cavity with different phases and the electric field in the cavity
can be expressed as a Fourier series:

𝐸(𝑧, 𝑡) = ∑ 𝐸𝑛 sin (
𝑛

𝑛𝜋𝑧
𝑛𝜋𝑡
) cos (
+ 𝜙𝑛 (𝑡))
𝐿
𝐿

(3.4)
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where 𝜙𝑛 (𝑡) is the phase for each order of the longitudinal mode. The Ti:Sapphire laser outputs a
mode-locked sub-100 fs pulsed laser light at a repetition rate of 80 MHz. The temporal delay
between two consecutive pulses is described by 𝑇 = 2𝐿⁄𝑐 and the laser cavity length is effectively
187.5 cm with a time interval of ~12.5 ns.

Figure 3.2.1: Simplified energy level diagram of the Ti:Sapphire four-level laser. A photon is
absorbed from the first to the fourth energy level and undergoes a fast relaxation to the third energy
level. A photon is emitted while dropping to the second energy level.

Modern lasers utilize a technique known as population inversion to maintain most of the
atomic energy levels in a metastable level above the ground state. The Ti:Sapphire laser is a fourlevel energy system where atoms in the ground state is exited into the pump band which rapidly
decays non-radiatively into the upper lasing level. A population accumulates at this level because
of the long lifetime of the lasing transition from the upper to the lower lasing level. This lower
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level also has a fast non-radiative decay into the ground state. Figure 3.2.1 shows a simplified
energy level diagram of the of the Ti:Sapphire four-level laser.
The main laser used in this work is the Coherent Libra system. This all-in-one ultrafast
oscillator and regenerative amplifier laser system consists of a pulsed seed laser (Vitesse), a pump
laser (Evolution), a regenerative amplifier, and a compressor/stretcher before outputting the pulsed
femtosecond laser beam. The Vitesse outputs a mode-locked sub-100 fs pulsed laser light centered
at 800 nm with an output power >200 mW and a repetition rate of 80 MHz. The Vitesse is powered
by a unidirectional single-frequency ring cavity design employing intracavity second harmonic
generation to produce several watts of a continuous-wave (CW) 532 nm laser beam, whose
schematic is shown in Figure 3.2.2 below. The Nd:YVO4 was selected for large absorption
coefficient at 808 nm and wide stimulated emission cross section near 1064 nm. Lithium triborate
(LiB3O5) is a Type I, non-critical phase matching medium that was used as the second harmonic
generator for its low absorption across the visible in infrared spectrum, high damage threshold,
and resistance to absorbing moisture.
This CW beam strikes a Ti:Sapphire crystal to create an ultrafast laser. Coherent uses a
proprietary negative dispersion mirror setup to produce the Vitesse’s sub-100 fs pulses. This beam
utilizes automatic triggering to initiate Kerr-Lens Mode-locking and a strategically placed slit to
interrupt CW operation but allow high intensity pulses. Figure 3.2.3 shows the schematic for the
Ti:Sapphire amplification optics.
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Figure 3.2.2: Nd:Yttrium Vanadate laser schematic: components include Nd:YVO4 laser gain
medium, LiB3O5 doubling crystal, single-frequency optic (etalon), optical diode, astigmatic
compensator, two pump mirrors, and two end mirrors.

Figure 3.2.3: Ti:Sapphire schematic: components include Ti:Al2O3 laser gain medium, negative
dispersion mirrors, a slit, mirrors, and lenses.
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The Vitesse has an output power that is greater than 200 mW and these high power pulses
must be stretched before and compressed after it seeds the Q-switched Nd:YLF pump beam to
prevent equipment damage during the regenerative amplification process. The optical
configuration for the stretcher and compressor can be seen in Figure 3.2.4 below. The laser light
from the Vitesse is first polarized through a Faraday isolator before the stretcher delays certain
frequencies or wavelengths relative to others so that a short pulse be stretched over a longer time
using a diffraction grating. Both the stretcher and compressor have a vertical and horizontal retroreflector, respectively, to double-curved the pulse and separate the input and output beams.

Figure 3.2.4: Simplified optical configuration for the stretcher (left) and compressor (right).

To obtain the higher peak powers required for nonlinear optical experiments (e.g., SHG),
the stretched laser pulses from the Vitesse are fed into a regenerative amplifier within the Libra
laser system. This regenerative amplifier is also reliant on a Ti:Sapphire crystal for amplification
and utilizes Coherent’s Evolution as the pump laser. The regenerative amplifier optical schematic
can be seen in Figure 3.2.5 below.
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Figure 3.2.5: Simplified optical configuration for the regenerative amplifier: components include
Ti:Sapphire laser gain medium, an injection and ejection Pockels cells, two lenses, a polarizer, two
cavity mirrors, and two resonator end mirrors.

The pump pulse from the Evolution laser is generated and focused into the Ti:Sapphire
laser rod after the Q-switch in the pump laser is deactivated. The S-polarized seed pulses are
injected into the regenerative amplifier by reflection off the Ti:Sapphire laser rod. The seed pulse
passes through a quarter waveplate and reflect off a resonator end mirror when the injection
Pockels cell is set to 0 V to allow passage. The pulse is rotated by 180° and P-polarized after the
second pass through the quarter-wave plate. This new polarization allows the pulse to transmit
through the Ti:Sapphire laser rod. After passing through the injection Pockels cell again, ~3.5 kV
is applied to make it effectively another quarter-wave plate, negating the effects of the fixed
quarter-wave plate.
The pulse is now trapped between the two resonator end mirrors. The amplification of the
Ti:Sapphire laser rod is only ~3-4 times in a single pass and this regenerative amplification
technique allows for multiple passes through the laser rod. After ~15-20 round trips in ~150 ns for
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a gain of over 106 in the resonator, ~3.5 kV is applied to the ejection Pockels cell to create a
quarter-wave plate and another 180° rotation in the pulse. Only one pulse is amplified in the
regenerative amplifier by synchronizing the Pockels cells switching to the mode-locked seed pulse
train and immediately follows a trigger from the pump laser. The pulse is then compressed in the
configuration seen in Figure 3.2.4 above before being outputted. The Libra laser system produces
~80 fs pulses at a 1 kHz repetition rate with energies greater than 1 mJ. The Tsunami Ti:Sapphire
laser from Spectra-Physics and RegA 9000 regenerative amplifier from Coherent, which follow
the same physics detailed in this section, were also used in this work.

3.2.2 Optical Parametric Amplifier
An optical parametric amplifier (OPA) was used in this work to provide laser light at
different wavelengths for material characterization. A simplified illustration of the process of
optical parametric amplification can be seen in Figure 3.2.6 below. Light Conversion designed the
TOPAS-Prime-HE to operate with a 1 kHz pump laser and the Libra’s ~80 fs laser light allowed
for aa tunable output range of 189 nm–20 μm. This device uses only one input at 800 nm and relies
on optics for the parametric amplification process. A schematic of a typical optical parametric
amplification can is shown in Figure 3.2.7 below. The heart of the technology uses a noncentrosymmetric crystal, barium borate (BBO) in the beta form, as the nonlinear medium for its
strong negative uniaxial birefringence and its ability to be phase-matched for type-I second
harmonic generation. The process involves the energy transfer from a high intensity pump beam
at frequency ωp to amplifying a lower intensity signal beam at frequency ωs and generating an idler
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beam at a frequency ωi to preserve the conservation of energy, 𝜔𝑝 = 𝜔𝑠 + 𝜔𝑖 . This parametric
process takes place along the nonlinear medium and it is particularly sensitive to propagations.

Figure 3.2.6: Simplified energy level diagram of the optical parametric amplifier.

The local phases of the three coupled fields are restricted by the relationship 𝜑𝑝 = 𝜑𝑠 + 𝜑𝑖 and,
because of the propagation happening at different locations, constructive spatial interference can
be achieved by the phase-matching condition of the wavevectors 𝑘𝑝 = 𝑘𝑠 + 𝑘𝑖 . This phasematching condition improves conversion efficiency, up to 50% in the OPA used in this work, and
it is achieved by tuning the angle of the crystal with respect to the propagation direction of the
light.
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Figure 3.2.7: Schematic of a typical optical parametric amplifier.
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3.3 Optical Second Harmonic Generation Spectroscopy
Optical second harmonic generation (SHG) spectroscopy is a nonlinear optical technique
that can nondestructively provide structural information about the intrinsic properties of crystalline
materials. This is achieved by measuring and interpreting the polarization of a reflected coherent
laser beam, a technique known as polarimetry. We employed an ultrafast femtosecond pulsed laser
system (Coherent Libra) with a central wavelength at 800 nm and bandwidth of 10-15 nm. Due to
weak nature of the SHG response signal, the laser light was modulated at 400 Hz (SR540 Chopper,
Stanford Research Systems) to detected by a lock-in amplifier (7265 DSP, Signal Recovery)
through a photomultiplier tube (H9305-04, Hamamatsu) to improve the signal-to-noise ratio. A
schematic of the SHG experimental setup can be seen in Fig. 3.3.1 below.

y
x
ϴ

z

Figure 3.3.1: Schematic of SHG experimental setup with both transmission and reflection
geometry.

46

Optical SHG experiments have two primary configurations: transmission and reflection. In
both configurations, the fundamental light is initially linearly polarized by passing through a Glan
polarizer to ensure the incident laser light is coherent. Depending on the orientation of the Glan
polarizer, the incident laser light can be chosen to be either p-polarized (φ = 0°) s-polarized (φ =
90°) or d-polarized (φ = 45°). It should be noted that these angles are relative to the plane of the
optical table. The incoming laser light then passes through a controllable motorized half-wave
plate (Driver ESP300, Universal Motion Controller), which varies the polarization of the incident
light. This piece of equipment is controlled through the LabVIEW program to rotate the
polarization angle φ of the laser light before it is incident on the sample. After the motorized halfwave plate, the incident laser light passes through a long-pass filter which blocks all optical
wavelengths below 780 nm before being focused onto the sample by a lens. This prevents any
second harmonic signals from the source lasers inadvertently passing through to the sample. After
interacting with the sample, in either the transmission or reflection geometry, a collimating lens
immediately collects both the reflected and generated second harmonic beam through another Glan
polarizer so that a specific polarization be measured. Depending on the orientation of the Glad
polarizer, we can analyze either p- or s-polarized SHG intensities as a function of the incident
polarization angle φ. Finally, the signal is focused by a lens through a 400 nm bandpass filter to
filter out the reflected source light and ensure that only the second harmonic beam is the only
signal detected by the photomultiplier tube. A LabVIEW program was used to collect this signal.
The incident light of a frequency 𝜔 and polarization 𝜑 can be expressed as a function of
the two orthogonal orientations: polarized light parallel and perpendicular to the optical table as pand s-polarization, respectively. This allows us to write the energy of the incident beam as:
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𝐸̃ (𝜔) = 𝐸(𝜔) 𝑐𝑜𝑠(𝜑) + 𝐸(𝜔) 𝑠𝑖𝑛(𝜑)

(3.5)

or simply:
𝐸(𝜔) = 𝐸𝑝𝜔 (𝜑)𝑝̂ + 𝐸𝑠𝜔 (𝜑)𝑠̂

(3.6)

where E(ω) is the amplitude of the optical field and the energy of at a fixed frequency is described
in terms of parallel and perpendicular polarizations. We can also calculate the energy density of
beam as it strikes the sample. Firstly, the diameter of the focused beam 𝑑 can be described as:

𝑑=

4𝜆𝑑𝑓
𝜋𝑑𝑙

(3.7)

where 𝑑𝑙 is the diameter of the laser beam at a wavelength λ as it hits a focusing lens of focal
length 𝑑𝑓 . From here, we can calculate the energy density, or fluence, as:

𝐹=

4𝐸(𝜔)
.
𝜋𝑑 2

(3.8)

For the Coherent Libra laser light at 800 nm and 1 kHz with a beam diameter of 3 mm as it hits a
focusing lens with a focal length of 200 mm, the average power was ~9.8 mW with a fluence of
~270 mJ/cm2. When conducting experiments with the Tsunami and RegA, the fluence on the
sample was ~ 1mJ/cm2 and ~100 mJ/cm2, respectively. Table 3.3.1 shows the parameter values of
each laser system configuration for the fluence calculations.
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Laser

Focal
Length

Beam
Beam
Average
Diameter Spot Size Power

Frequency

Energy

Fluence

Tsunami

35 mm

3.5 mm

10 μm

70 mW

80 MHz

0.875 nJ

1 mJ/cm2

RegA

50 mm

3.5 mm

15 μm

45 mW

250 kHz

0.18 μJ

100 mJ/cm2

Libra

200 mm

3.0 mm

68 μm

9.8 mW

1 kHz

9.8 μJ

270 mJ/cm2

Table 3.3.1: Parameters and calculated fluence values for the Tsunami, RegA, and Libra laser
systems.

Furthermore, we can calculate the propagation distance over which the SHG light can
radiate from within the sample [95, 96]. This is known as the coherence length and can be
expressed as:

𝑙𝑐𝑜ℎ =

𝜆𝜔
± 𝑛2𝜔 |

4|𝑛𝜔

(3.9)

where the summation and subtraction of the absolute argument in the denominator represents the
coherence length for reflection and transmission geometry, respectively. As can be seen above, the
coherence length is dependent on the fundamental wavelength and the refractive index of the
material at both the fundamental and second harmonic frequency. Beyond this distance within the
sample, the SHG light will begin to destructively interfere with itself. The coherence length
represents an upper limit to the sample depth that can be probed with this technique. To calculate
this coherence length in STO, the refractive index of STO as a function of wavelength is expressed
as:
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𝑛2 − 1 =

3.042143𝜆2
1.170065𝜆2
30.833326𝜆2
+
+
𝜆2 − 0.14759022 𝜆2 − 0.29530862 𝜆2 − 33.186062

(3.10)

which would yield a refractive index of ~2.34 at 800 nm and ~2.66 at 400 nm. The coherence
length of STO for SHG light is then calculated as ~41 nm and ~662 nm for the reflection and
transmission geometry, respectively.

3.4 Time-Resolved Pump-Probe Spectroscopy
Time-resolved pump-probe spectroscopy is another nonlinear optical technique that allows
the study of ultrafast phenomena and other dynamical processes inside crystalline materials.
Through this technique, the system investigated is probed while in a pump-induced excited state.
In our time-resolved optical experiments, reflected signals from the excited sample are measured
as a function of a time delay. A schematic of the pump-probe experiment can be seen in Fig. 3.4.1.
The time-resolved measurements use femtosecond pulses with a central wavelength range
of 350-2600 nm from an optical parametric amplifier (TOPAS-Prime, Coherent). In this
experiment, the fundamental beam is split into two by a beam splitter. A stronger beam (pump) is
used to excite the sample while a second weaker beam (probe) is used to investigate the lattice
dynamics. The probe pulses have a temporal delay with respect to the pump pulses and is used to
monitor the pump-induced reflectivity changes of the sample. In our experiments, we applied a
lock-in technique for low level signal detection. The probe pulses are directed to a retroreflector
mounted on a motorized delay stage for precise control of the time delay between the pump and
probe pulses via LabVIEW. The probe pulses are split again before the sample. One beam goes
directly into the reference channel of the balance detector (Nirvana Auto-Balanced Optical
50

Receiver, Newport), while the other beam is focused and reflected from the sample at an angle of
~15° with respect to the surface normal of the sample before being directed into the signal channel
of the balance detector. Finally, the lock-in amplifier, used with a mechanical chopper to improve
signal-to-noise ratio, extracts the transient change of the reflected signal ∆𝑅 of the probe beam. It
is important to note that pump and probe beam must be precisely overlapped on the sample surface
to measure the transient reflectivity change as functions of time delay.

Figure 3.4.1: Schematic of pump-probe experimental setup. The paths are not drawn to scale and
the distance travelled by the pump and probe beam from the beam splitter to the sample are the
same. Optics mounted on a motorized stage allows a temporal delay which does not necessarily
have to be along the pump beam path shown here. A chopper is placed along the pump beam to
for low signal acquisition. The balance detector compares the probe beam before and after the
sample.
In our time-resolved optical studies, the normalized change in reflectance ∆𝑅(𝑡)/𝑅, where
∆𝑅(𝑡) is the time-dependent signal intensity reflected from the excited sample and 𝑅 is the signal
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intensity reflected from the unexcited sample, is collected from the pump-probe experiment. The
normalized change in reflectivity is zero before 𝑡 = 0. The time a pump pulse coincidentally
arrives with the probe pulse at the same position is called the time zero 𝑡0 . At time zero 𝑡0 , the
electronic system is rapidly heated through photon absorption of the femtosecond pump pulses.
This leads to a sudden change in optical reflectivity. The optical wave is then coupled into the
lattice, leading to a relaxation of the response, and generating a coherent longitudinal acoustic
wave. Another Doppler-shifted probing pulse follows the wavefront as it propagates through the
sample. The reflectivity of the probe beam as a function of the time delay between the pump and
probe pulses show longitudinal acoustic oscillations of a frequency that depends on the central
wavelength 𝜆𝑝 of the probe pulses: 𝑓 = 𝐶𝑠 𝑞 ∕ 2𝜋, where 𝐶𝑠 is the phase velocity of the phonon
mode. The acoustic wave vector 𝑞 is determined from the stimulated Brillouin scattering phasematching condition 𝑞 = 4𝜋𝑛 ∕ 𝜆𝑝 where 𝑛 is the index of refraction.
The reflected and scattered probe signals interfere in the photodetector to give rise to
Brillouin oscillations which allow monitoring of pump-induced structural changes as a function of
the time delay. Thus, we were able to analyze the time-resolved reflectance spectra to
nondestructively characterize the distribution of local domain structures and structural distortions
in thin film or bulk materials.

3.5 High-Resolution X-Ray Diffraction
High-resolution X-ray diffraction (HR-XRD) is a powerful technique for the
characterization and study of crystallographic materials. This nondestructive technique utilizes a
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monochromatic X-ray source with a wavelength that is of the same order as the interplanar spacing
of the crystal. XRD can provide details on the structure, composition, and overall quality of the
crystal, as well as measuring the lattice constant, thickness, and strain within single or multilayer
crystals.
For our measurements, we used a Bruker D8 Discover diffractometer with a proprietary
DAVINCI.DESIGN which allowed for complete modularity and alignment-free switching of the
X-ray tube, optics, and other beam path components. This diffractometer creates X-rays by
accelerating electrons onto a copper target (Cu Kα at 1.5406 Å). The X-rays pass through a series
of collimation optics and a silicon crystal to block the secondary X-ray excitation Kα2 and only
allow the Kα1 emission line to pass.
The principle of X-ray diffraction can be understood fundamentally by analyzing a set of
equations, the Laue equations, that relate incoming waves to outgoing waves diffracted by a crystal
lattice [97, 98]. Let us describe the location of atoms within a crystal lattice as:

𝐱 = 𝑎𝐚1 + 𝑏𝐚2 + 𝑐𝐚3

(3.11)

where 𝐚1 , 𝐚2 , 𝐚3 are primitive translation vectors of the crystal lattice L and a, b, c are any integers
such that x is an integer linear combination. We can also establish a scattering wavevector Δ𝐤 =
𝐤 out − 𝐤 in which measures the difference between the incoming and outgoing wavevectors. Then,
this scattering wavevector Δ𝐤 must satisfy three conditions, known as the Laue equations:

𝐚1 ⋅ Δ𝐤 = 2𝜋ℎ,

𝐚2 ⋅ Δ𝐤 = 2𝜋𝑘,

𝐚3 ⋅ Δ𝐤 = 2𝜋𝑙

(3.12)
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where h, k, l must be integers and (h, k, l) is called Miller indices. While there are infinitely many
choices of Miller indices and they form the reciprocal lattice L*, the beams corresponding to higher
Miller indices are very weak and cannot be observed. These equations form a basis of the
reciprocal lattice and allow the determination of the crystal lattice.
While Laue described the idea of a diffraction grating to three dimensions, Bragg was able
to simplify diffraction to be reflections from the crystal planes. If we define 𝐆 = ℎ𝐛1 + 𝑘𝐛2 + 𝑙𝐛3
as the reciprocal lattice vector, then it can be seen that:

𝐆 ⋅ 𝐱 = 𝐆 ⋅ (𝑎𝐚1 + 𝑏𝐚2 + 𝑐𝐚3 ) = 2𝜋(𝑎ℎ + 𝑏𝑘 + 𝑐𝑙) = 2𝜋𝑛

(3.13)

which are just the Laue equations, and we can identify Δ𝐤 = 𝐤 out − 𝐤 in = 𝐆, more commonly
known as the Laue condition. If we consider elastic scattering, that is |𝐤 in |2 = |𝐤 out |2, we can
rewrite the Laue condition to obtain the diffraction condition:

2𝐤 out ⋅ 𝐆 = |𝐆|2 .

(π)

Finally, we can make the simplification 𝐤 out ⋅ 𝐆 = |𝐤 out ||𝐆| sin 𝜃 and substitute 𝐤 out = 2𝜋/𝜆
𝜋

because the angle between the outgoing wavevector and reciprocal lattice vector is 2 − 𝜃, and we
can also substitute |𝐆| = 2𝜋𝑛/𝑑ℎ𝑘𝑙 if we define 𝐱 to also be the interplanar distance 𝑑ℎ𝑘𝑙 .
Simplifying these substitutions to the special cause of Laue diffraction give us Bragg’s Law [99]:

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆

(3.15)
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and:
𝑑ℎ𝑘𝑙 =

(ℎ2

𝑎
+
+ 𝑙 2 )1/2
𝑘2

(3.16)

where a is the lattice constant, θ is the scattering angle, and λ is the wavelength of the radiation.
Bragg diffraction occurs when incident X-rays of a comparable wavelength to the atomic spacings
in a crystalline material is scattered in a mirror-like reflection by the atoms. This scattering is
illustrated in Figure 3.5.1 below. This technique allowed us to plot diffraction patterns as a function
of the scattering angle and measured intensity.

Figure 3.5.1: Schematic diagram of Bragg diffraction scattering from the atoms of a crystalline
sample.
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3.6 Transmission Electron Spectroscopy
We have also used TEM along with electron diffraction to take cross-section images of the
BZT films. A lamella of the BZT sample was created with the FEI Helios NanoLab 660 Dualbeam
FIB-SEM. Images of the BZT lamella were then taken with the FEI 200 kV Titan Themis TEM.
Both devices are shown in Figure 3.6.1 below.

Figure 3.6.1: (Left) FEI Helios Nanolab 660 Dualbeam FIB-SEM. (Right) FEI 200 kV Titan
Themis TEM.

Initially, a 20 x 2 x 0.1 μm protective layer of Pt is deposited onto the BZT sample using
an electron beam set at 2 kV and 1.6 nA. Wedge-shaped cuts by a focused ion beam (FIB) were
then made on either side of the protective Pt layer followed by a J-cut underneath the Pt layer and
into the BZT sample. The Helios is equipped with an EasyLift needle that was designed to transfer
the prepared lamella to a TEM sample holder. Figure 3.6.2 shows the moment before a lamella
connected to an EasyLift needle was fully removed and Figure 3.6.3 shows a lamella securely

56

attached to a TEM sample holder. A sliver of Pt was used to adhere the lamella to the
needle/sample holder.

Figure 3.6.2: High resolution images during the TEM lamella sample preparation. (Left) The
moment right before a lamella was fully removed from the original sample. (Right) After the
lamella was fully attached to a TEM sample holder.

Figure 3.6.3: Macroscopic image of a BZT lamella after thinning and preparing for TEM.

The final step in the TEM preparation is thinning the BZT sample thickness with the FIB.
The FIB was initially used at 0.79 nA and then changed to 0.43 nA and 0.23 nA when the sample
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thickness was below 750 nm and 300 nm, respectively. The thickness of the sample used in this
work was reduced to ~50 nm. Figure 3.6.3 shows an image of the BZT sample prepared for TEM.
TEM imaging was the last experiment performed in this BZT sample because of the
irreparable surface damage necessary to extract and prepare a lamella. The FEI 200 kV Titan
Themis TEM uses a field emission gun to produce the electron beam with a three-lens condenser
and Cs image corrector for high order spherical aberrations in the beam before passing through the
sample, two objective lenses, another Cs image corrector, and a four-lens projector system before
it is detected by a high angle angular dark field detector. Images with resolutions down to 0.9 Å
were collected with the Titan Themis because of its aberration-correcting lens which produced an
electron probe with a diameter less than an ångström. Additionally, selected area electron
diffraction (SAED) images were collected with a CMOS-based CETA camera.
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Chapter 4
4 Interfacial Ferroelectricity in Ultrathin SrTiO3/Ge Film
In this chapter, we present our work on detection of interfacial ferroelectricity by
monolithic integration of a single crystalline SrTiO3 film on a Ge (100) substrate. Section 4.1
contains the optical SHG measurement and analysis of the SrTiO3 film on Ge substrate. Section
4.2 provides a TEM image analysis of the STO/Ge film interface. Section 4.3 discusses the
ferroelectric nature of the SrTiO3/Ge interface and phase-field simulations used to obtain
theoretical P-E hysteresis loops of SrTiO3 thin films.

4.1 Interfacial Ferroelectricity in SrTiO3/Ge by Optical SHG
The STO thin film was epitaxially grown on a Ge (100) substrate via atomic later
deposition [90]. A 2 nm SrTiO3 buffer layer was deposited and annealed to form an epitaxial
registry with the underlying Ge (100) substrate. An 8 nm SrTiO3 thin film was then deposited and
annealed until crystallization. A final thin platinum cap layer was deposited to preserve the
crystalline quality. The details of the sample preparation and degradation process are described in
Chapter 3. We investigate interfacial ferroelectricity in SrTiO3 film epitaxially grown on a Ge
(100) substrate and compare these results to Fe-doped SrTiO3 using optical SHG. SrTiO3 is a cubic
perovskite (Pm3m) as a single crystal, however, the bi-axial tensile misfit with the Ge (100)
substrate resulted in a strain-stabilized tetragonal phase with an in-plane long axis [100]. This noncentrosymmetric phase is ferroelectric with an a1/a2 domain structure with a broken inversion
symmetry. The SHG response is collected in the reflection geometry shown in Figure 4.1.1 below.
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Figure 4.1.1: (Left) Schematic of the optical SHG setup in the reflection geometry. (Right) Crosssection of the sample along the z-direction with the fundamental and SHG light path.

Figure 4.1.1 shows the optical SHG experiment in the reflection geometry (left) and a
cross-section of the sample along the z-direction with the fundamental and SHG light path (right).
A mode-locked Ti:Sapphire pulse laser (80 MHz, 10 nJ/pulse, 100 fs) was used as the incident
light beam (810 nm, ~10 μJ/cm2). The SrTiO3/Ge heterostructure were aligned with their surface
normal and an in-plane crystalline axis at equal angles of 45° to the filtered incident pump pulses,
which were travelling through a rotating optical attenuator along the yz-plane. A band-pass filter
used for collecting p-polarized or s-polarized SHG outputs. The SHG intensities were measured
as a function of the incident polarization angle at room temperature. Further details of the optical
SHG experimental setup can be found in Chapter 3.
The general expression for SHG intensity is derived from Maxwell’s wave equations with
the second-order susceptibility acting as a radiation source at the second-harmonic frequency. A
detailed derivation is provided in Chapter 2. Figure 4.1.2 shows the SHG intensity spectrum from
the 10 nm SrTiO3 film epitaxially grown on a Ge (100) substrate. The spectrum for the SrTiO3/Ge
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film also has the recognizable two-folded symmetry for the p-polarization (red), however, the sout polarization (blue) has an atypical two-folded symmetry that is ~250% larger. The peak at 90°
for the s-polarization (blue) corresponds to the STO (110)/Ge (010) direction. The in-plane
polarization is significantly larger than the out-of-plane polarization.
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Figure 4.1.2: The p- (red) and s-polarized (blue) SHG intensity spectra for the SrTiO3/Ge
heterostructure as a function of the incident pump polarization angle. The STO(110)/Ge(010)
direction is oriented along 90°. The s-out polarization is ~250% larger than the p-out polarization.

Figure 4.1.3 shows the SHG intensity spectrum for a bulk Fe-doped SrTiO3 single crystal.
The four- and two-fold symmetries in the Fe-doped STO single crystal are typical for the s- (blue)
and p-polarizations (red), respectively. The peaks at 45° and 135° for the s-polarization correspond
to the STO (100) and STO (010) direction, respectively. The intensities were normalized to 100
for each scan and the s-out polarization of the Fe:STO bulk crystal demonstrate a four-fold
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symmetry with much smaller average and peak intensities, consistent with the expected tetragonal
symmetry at the surface. The large difference between the s- and p-polarizations is due to the
random in-plane distortions induced by clustered Fe3+ ions in the STO perovskite unit cells. This
results in a net polarization along the (110) in-plane direction.
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Figure 4.1.3: The p- (red) and s-polarized (blue) SHG intensity spectra for the Fe-doped SrTiO3
single crystal as a function of the incident pump polarization angle. The STO(010) direction is
oriented along 135° and the STO(100) direction is oriented along 45°. The s-out polarization has
a four-folded symmetry and is smaller than the p-out polarization.

The SHG signal was averaged over a ~15 μm spot on the sample. There were no differences
in the SHG spectra collected when probing different probe areas. The dipolar and non-
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centrosymmetric defects at the STO/Ge interface are the primary sources of the SHG responses.
The two-fold symmetry with the large s-polarization relative to the p-polarization and the
alignment of the peak intensities with the STO[100]/Ge[110] plane suggest a spontaneous
unidirectional in-plane electric polarization along the face diagonal of the STO film plane at the
interfacial region. This spontaneous polarization is attributed to the biaxial tensile strain induced
by the lattice mismatch between the interfacial STO layer and the Ge (100) substrate, revealing
the existence of room temperature ferroelectricity in the epitaxial nanometer-thick STO thin film.
This is a displacive phase transition of the STO film from paraelectric to ferroelectric that shows
ultrathin perovskites can be integrated onto semiconductors.

4.2 HR-TEM, RHEED, and XRD Measurements in
SrTiO3/Ge
Electron imaging using high-resolution transmission electron microscopy (HR-TEM),
RHEED, and XRD experiments were also conducted to verify the spontaneous in-plane
polarization at the interface and the crystal quality of the thin film. A schematic of the XRD
experiment is shown below in Figure 4.2.1 and a deeper understanding of these experiments can
be found in Chapter 3.
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Figure 4.2.1: X-ray diffraction geometry. The value ω is the angle between the crystallographic
reflecting plane and the X-ray beam. The value 2θ is the angle between the reflected beam and the
transmitted the X-ray beam.

When the STO thin film sample was prepared, an annealing process conducted at 650° for
5 minutes immediately following the deposition of the 2 nm STO buffer layer. The STO buffer
layer crystallized with epitaxial registry to the underlying Ge (100) substrate. The RHEED images
in Figure 4.2.2 below show no evidence of structural distortion following the deposition of the
thicker 8 nm STO film. The bottom image of the RHEED scan show the sharp edges and short
height of the n+ Ge (100) substrate, depicting a high crystalline quality. The lower middle RHEED
scan is evenly horizontally spaced out and long vertical features due to the near-perfect epitaxial
registry with the underlying Ge (100) substrate layer. The upper middle RHEED scan for the 8 nm
STO layer is as evenly spaced out as STO buffer layer because of the shared lattice constant,
however, this thicker layer has a more defined spot-like crystalline feature because of the lattice
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matching to a similar STO buffer layer instead of a Ge (100) substrate with a different lattice
constant. The top RHEED scan show a 10 nm Pt cap layer with a lack of definitive structures due
to the polycrystalline nature of this layer [90, 101].

(a) 10 nm polycrystalline Pt

(c) 8 nm STO, annealed

(b) 2 nm STO/Ge, annealed

(d) n+ Ge (100) Substrate

Figure 4.2.2: In situ RHEED images of (a) amorphous polycrystalline Pt cap (b) 2 nm of STO
thin film after growth and annealing (c) 8 nm of STO thin film after growth and annealing (d)
clean Ge substrate surface before ALD growth [90].

Figure 4.2.3 provides an XRD 2θ scan of the SrTiO3/Ge heterostructure performed at the
Advanced Science Research Center at City College of New York. Details of the XRD experiment
can be found in Chapter 3. A strong peak for the single crystal Ge substrate along the (400)
direction is shown to be at ~67°. The second strongest peak is the (200) direction of the SrTiO3
thin film and polycrystalline Pt cap, shown together at ~46.5°. Finally, the polycrystalline Pt cap
partially along the (111) direction is shown to be at ~39.5°. The STO film and the Ge (100)

65

Figure 4.2.3: XRD 2θ scan of the SrTiO3/Ge heterostructure. The Ge substrate along the (400)
direction is shown to be at ~67°, the SrTiO3 thin film along the (200) direction is shown to be at
~46.5°, and the polycrystalline cap that is mostly along the (200) direction and partially along the
(111) direction is shown to be at ~46.5° and ~39.5°, respectively. (Inset) Illustration of the epitaxial
growth of SrTiO3 on the Ge (100) substrate.

substrate have been epitaxially aligned such that STO(100)||Ge(100) and STO(010)||Ge(011), resulting in
a 45° in-plane rotation between the two lattices. The STO (100) film is ~2.1% (biaxially) tensilestrained by the Ge (100) substrate. This calculation is based on the bulk lattice parameter of SrTiO3
(a = 3.905 Å) and the lattice spacing of Ge along the (110) direction (a = 3.992 Å).
A HR-TEM cross-section of the 10 nm SrTiO3/Ge thin film can be seen in Figure 4.2.4
below. It can directly show that the transition at the interface has no signs of any amorphous
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structures, and that epitaxial growth is confirmed by the atom-to-atom registry of the STO film to
the Ge at the interface. This technique also provided the atomic resolution required to determine
the magnitude of the polar Ti4+ ion displacement. The atomic displacements show that the lattice
mismatch between the SrTiO3 film and Ge (100) substrate caused a biaxial tensile strain which
scales with the spontaneous in-plane polarization in displacive perovskite ferroelectrics. It can also
be seen that the majority of the Ti4+ ions are shifted to the left side of the lattice near the SrTiO3/Ge
interface. An average in-plane displacement of the Ti4+ ions at the SrTiO3/Ge interface was
measured to be a fraction of the STO lattice constant, ~

1

15

dSr-Sr or ~0.26 Å, as illustrated in the

bottom left of Figure 4.2.4 below. This value is comparable to the displacement of conventional
ferroelectric PbTiO3. In contrast, the Ti4+ displacements are negligible in the nonpolar region of
the upper 8 nm STO layer as seen in the upper section of the HR-TEM image.

Figure 4.2.4: (Right) HR-TEM cross-section of the 10 nm STO film epitaxially grown on a Ge
(100) substrate. (Top Right) In situ selected-area electron diffraction pattern shows epitaxial
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registry between the substrate and thin film. (Top Left) Enlarged and illustration of the
displacements of Ti4+ ions. The majority of the Ti4+ ions near the STO/Ge interface are shifted
toward the left side of the lattice. (Bottom Left) Illustration of the polar and nonpolar nature of the
strained and relaxed STO lattice.

A closer look at the HR-TEM image and a reconstructed illustration of the interface is
provided in the top left of Figure 4.2.4 above. Our results indicate a fully coherent interface with
a biaxial misfit strain measured at ε11 = ε22 = 2.1%, and ε12 = 0%. These HR-TEM results further
support our analysis of the SHG measurements by showing that the random in-plane distortions
are induced by clustered Fe3+ ions in the STO perovskite unit cells. A net polarization in the inplane direction explains the significant increase of s-out SHG signal seen in Section 4.1 above.
The in-plane atomic displacements at the film-substrate interface observed in the HR-TEM image
also provide the necessary broken inversion symmetry to generate an SHG signal. The in-plane,
biaxial tensile strain caused an a1/a2 polydomain structure and the unidirectional polarization from
the well-ordered domain structure is much easier to manipulate than a biaxial one.

4.3 PFM of Interfacial Ferroelectricity in SrTiO3/Ge
PFM was conducted by Professor L. Q. Chen’s group to confirm interfacial ferroelectricity
by obtaining theoretical polarization-electric field (P–E) hysteresis loops of the ultrathin STO film
grown on a Ge (100) substrate, seen in Figure 4.3.1 below. We conclude from the PFM results that
the 2.1% coherent biaxial tensile misfit between the STO ultrathin film and Ge substrate allowed
for a strain-stabilized tetragonal domain with a long in-plane axis. This created a large in-plane
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polarization at the STO/Fe interface and resulted in a displacive phase transition of the tetragonal
domain from a paraelectric phase to a ferroelectric phase.
The PFM simulation used the biaxial misfit strain measured at ε11 = ε22 = 2.1% from the
HR-TEM image [101]. The evolution of a domain structure towards its equilibrium is driven by
the reduction in the time-dependent Ginsburg-Landau free energy under external stimuli [102,
103]. This included the chemical driving force, the domain wall energy, the electrostatic energy,
and the elastic energy.

Figure 4.3.1: Polarization-electric field (P-E) hysteresis loops of the tensile-strained SrTiO3 thin
film, simulated by the phase-field method for an SrTiO3 thin film epitaxially grown on a Ge (100)
substrate.

Under this strain condition, the simulation generated a twinning a1/a2 domain
heterostructure. This twinned structure greatly reduced the elastic energy introduced by the large
misfit strain at the lattice mismatched interface. Due to the electromechanical coupling with a
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positive longitudinal electrostrictive coefficient (Q11 + Q12 ≈ 0.032 m4/C2 for STO) and a negative
transverse electrostrictive coefficient (Q12 ≈ −0.013 m4/C2 for STO), tensile misfit strains are
favored by the in-plane polarizations. In the a1/a2 domain structure, the polarizations of all domains
lie along the film plane.
The in-plane polarization favors a tensile misfit strain and is further exemplified by the
simulated P-E hysteresis loops. The polarization responses were generated by applying both the
in- and out-of-plane electric fields to the SrTiO3/Ge heterostructure. These results show that the
in-plane P-E hysteresis loop is much wider than the out-of-plane hysteresis loop. This difference
in the two hysteresis loops mean that the in-plane lattice can maintain a larger remanent
polarization when the electric field is removed and that a larger opposing electric field is necessary
to reduce all remanent polarization back to zero. The larger remanent polarization and coercivity
imply that an in-plane polarization anisotropy, and thus interfacial ferroelectricity, is more
energetically favorable to the system.

4.4 Summary
Interfacial ferroelectricity is present in an epitaxial STO (100) ultrathin film grown on a
Ge (100) substrate. Optical SHG measurements show a large in-plane polarization in the
SrTiO3/Ge heterostructure that is absent in the bulk Fe:SrTiO3 single crystal. Analysis of HR-TEM
images confirm the in-plane distortions are caused by Ti4+ ions near the interface. Phase-field
simulations provided P-E hysteresis curves to further understand the room temperature
ferroelectricity. The collective atomic in-plane displacements of Ti4+ ions near the SrTiO3/Ge
interface were induced by the two-dimensional tensile misfit between SrTiO3 and Ge, and these
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displacements are mostly responsible for the generation of an in-plane ferroelectric polarization.
This work proves that strain engineering is a viable technique in manipulating structural
characteristics and functional properties at thinner thicknesses. Further research into interfacial
ferroelectricity is necessary to determine its role in energy storage devices and future technologies.
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Chapter 5
5 Coherent Acoustic Phonon Generation and Detection of
Polydomain Structures in BZT Films
In this chapter, we present our investigation into the formation of polydomain structures in
a ferroelectric Zr-doped BaTiO3 (BZT) film. Section 5.1 provides the time-resolved pump-probe
spectroscopy spectra of the acoustic waves collected at multiple probe polarizations and a detailed
explanation into the mechanism of the acoustic wave excitation and detection in the BZT film.
Section 5.2 shows our detection of phase-segregated and phase-entangled tetragonal/rhombohedral
nanodomains in the BZT film by sub-picosecond acoustic pulses. Section 5.3 provides additional
evidence of a high-quality crystalline structure and the existence of polydomain structures through
SAED and TEM analysis. Section 5.4 presents the existence of polydomains through XRD
analysis.

5.1 Acoustic Phonon Generation by Coherent Optical Pulses
Femtosecond laser sources developed in the 1980s unveiled a new research field: ultrafast
excitation and detection of coherent acoustic phonons in solids. Picosecond longitudinal-acoustic
pulses were first generated and detected in thin film semiconductors in 1984 (Thomsen et al) and
metals in 1987 (Eesley et al) [104, 105]. Their work started the investigations into ultrafast
phenomena and nondestructive probing of submicron thin films and nanostructure materials, and
the field is constantly developing new ways to excite different types of acoustic waves or wave
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polarizations. So far, research has shown that coherent acoustic phonons can be generated in the
THz frequency range for semiconductor superlattices and that thermoelastic coupling driven by
hot carriers exists in metals with strong and weak electron-phonon coupling metals [106].
The thermoelastic laser generation of longitudinal and transverse acoustic phonons have
also been shown to depend on the crystallography of materials where transverse waves are not
excited in isotropic materials but are permitted in anisotropic materials [106, 107]. Thermal
expansion in isotropic materials is spherically symmetric and particle displacements conserve this
symmetry while transverse displacement is orthogonal to this symmetry and cannot be detected.
In contrast, the thermal expansion tensor in anisotropic materials is anisotropic and transverse
plane waves may be produced.
We performed the pump-probe experiment on anisotropic BZT to investigate the excitation
and propagation mechanism of coherent longitudinal and transverse acoustic phonons, and to study
the local distribution of nanoscale polydomain structures. The 1.4 μm Ba(Zr0.20Ti0.80)O3 thin film
grown on a STO (100) substrate have lattice parameters of 4.06 Å and 3.906 Å, respectively. While
a bulk material of this BZT composition has a rhombohedral (3m) symmetry, a thin film of BZT
epitaxially grown on a crystalline STO substrate forms heterophase polydomain structures [108].
The compressive lattice parameter misfit at the interface results in a mixed existence of tetragonal
(4mm) and rhombohedral (3m) caused by the stress field in the interfacial region. This stress field
diminishes as the film thickness increases but the sample remains in a polydomain state. Tetragonal
and rhombohedral microdomains form epitaxially along the [100] direction and are separated by
their (100) planes. The formation and understanding of these mixed polydomain structures are
important because these competing domains allow the material to modify itself to store energy
more effectively.
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5.2 Pump Probe Measurements in Ferroelectric BZT Films
Time-resolved pump-probe spectroscopy provided crucial information for our
investigation into the formation of these mixed tetragonal and rhombohedral polydomain
structures at the interface of a compressively strained BZT film grown on an STO substrate. The
experimental setup was described in Chapter 3. High-frequency coherent acoustic phonons are
excited by optical pump pulses which induce changes that are detected by probing pulses that
follow a time delay between the pump and probe pulses. The acoustic phonon wave propagates
through the BZT film and is reflected at the interface while partially transmitted into the STO
substrate.
The oscillations in the transient reflectivity response, ΔR/R, are strongly dependent on the
diagonal tensor components and the output detection configuration. Figure 5.2.1 presents this
transient reflectivity response, ΔR/R, collected at multiple orientations of the output polarizer (45°,
60°, 90°, 120°, and 135° relative to the plane of the optical table surface) from an 800 nm
femtosecond laser source. The pump and probe beam are always spatially overlapped and are
temporally overlapped at the time zero line, which can be seen at ~50 ps in Fig 5.2.1 below. Our
data exhibits high frequency oscillations from ~45 ps to ~238 ps with a ~10% amplitude drop at
every measured angle. These oscillations are generated by internal acoustic wave propagation. In
our pump probe spectroscopy, we reveal four distinct frequencies attributed to transverse and
longitudinal modes of the polydomain structures. Our data also shows a consistent in the transient
reflectivity response amplitude at each increasing polarization angle increment. The photoelastic
tensor product in this STO thin film is lacking an angular dependency that was expected in the
ferroelectric perovskite crystal.
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Figure 5.2.1: transient reflectivity response, ΔR/R, is collected at multiple output polarizer angles
(45°, 60°, 90°, 120°, and 135°) from an 800 nm femtosecond laser source.

O. Matsuda et al. conducted a similar pump probe experiment to generate and detect
transverse phonons [106]. An amorphous silica α-SiO2 film was grown on a Zn substrate with an
off-axis cut to artificially create nonvanishing photoelastic tensor components. This permitted the
modulation of the diagonal tensor components of the permittivity tensor Δε. This also allowed the
excitation of transverse phonons at an input polarization angle of 45°, resulting in a phase shift in
the transient relative reflectivity seen in Figure 5.2.2 below. The oscillations are followed by
echoes caused by the arrival of longitudinal and transverse phonons at the Zn substrate at specific
input/output polarization orientations. The authors were able to detect transverse phonon pulses
indirectly produced by the mode conversion of picosecond longitudinal phonon pulses, however,
they did not report any findings of transverse phonons generated by thermal mechanisms.
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Figure 5.2.2: Transient relative reflectivity changes, ΔR/R, for a 1.1 μm film of α-SiO2 on Zn and
corresponding Fourier spectra (Matsuda et al.) [106].

In contrast, the BZT sample in this work was epitaxially grown along the z-axis of an STO
substrate and angular-dependent shifts in the oscillations were not present in our data. The
transverse phonons do not show an angular dependence of the anisotropic tensors. We noted the
transverse phonons were consistently excited and detected at all angles. The selection rules that
were previously thought to permit or deny the excitation of transverse phonons were not present
in our measurements. The result suggests that the excitation and detection of transverse phonons
are simply due to the thermoelastic effects.
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5.3 Acoustic Phonon and Frequency Data Analysis
The pump probe data were fitted by the linear prediction (LP) method to extract various
frequency components. Figure 5.3.1 shows the LP while Figure 5.3.2 and Figure 5.3.3 shows the
first and second residue fittings, respectively. The experimental data are shown as open circles.
Theoretical LP fits for the rhombohedral phases and mixed phases are shown as solid red and
magenta lines, respectively. These signals represent the longitudinal acoustic phonons from the
mixed rhombohedral and tetragonal phases.
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Figure 5.3.1: Transient relative reflectivity changes ΔR/R for a 1.4 μm ferroelectric BZT thin film
on a single crystal STO substrate.
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The theoretical fitting and the experimental data are subtracted from each other to create a
first residue seen in Figure 5.3.2 below. The first residue was fitted again and the difference
between this second fit and first residue yielded a second residue. The second residue was fitted
once more and shown in Figure 5.3.3 below.
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Figure 5.3.2: First residue fit (open black circles) and theoretical fit (red line) for a 1.4 μm
ferroelectric BZT thin film. The R & T theoretical fitting and the experimental data are subtracted
from each other to create the first residue.
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Figure 5.3.3: Second residue fit (open black circles) and theoretical fit (red line) for a 1.4 μm
ferroelectric BZT thin film. The first residue and its fit are subtracted from each other to create the
second residue.

Two oscillation modes fitted by LP as shown in Fig. 5.3.1 are attributed to the longitudinal
acoustic modes for the tetragonal and rhombohedral phases. Two weak oscillation modes
corresponding to transverse acoustic mode of the tetragonal phase were obtained from fitting the
residues with sine waves. Figure 5.3.4 shows the Fourier transform on the oscillations yielded four
distinct frequencies. The two high frequencies are associated with the longitudinal phonons of the
rhombohedral phase (32.596 GHz) and tetragonal phase (45.039 GHz), and two low frequencies
are associated with the tetragonal transverse (13.437 GHz) and quasi-transverse (21.654 GHz)
phonons according to the sound velocities we calculated in Chapter 2. The longitudinal frequencies
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are larger in intensity because their amplitudes are strongly coupled to the diagonal components
of the thermoelastic tensor product whereas the transverse phonons are dependent on the weaker
coupling off-diagonal components.
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Figure 5.3.4: Fourier spectrum of the longitudinal and transverse phonons propagating in a 1.4
μm ferroelectric BZT thin film on a single crystal STO substrate. The longitudinal phonons are at
32.596 and 45.039 GHz while the transverse and quasi-transverse phonons are at 13.437 and
21.654 GHz, respectively.

5.4 HR-TEM Analysis of Polydomains in BZT Films
Images of the 1400 nm BZT film grown on an STO substrate were taken by transmission
electron microscopy (TEM) to further show the presence of mixed phases at the interface. These
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images are shown in Figure 5.4.1 and both rhombohedral and tetragonal domain structures coexist
in the BZT thin film. Near the interface, each type of domain coalesces together to form column-

Figure 5.4.1: Transmission electron microscopy (TEM) images of the BZT thin film on a single
crystal STO substrate. (Left) A cross-section at the interface highlighting the larger first-order
domains with a 200 nm reference scale. (Right) A cross-section within the BZT thin film
highlighting the smaller second-order microdomains with a 50 nm reference scale.
like structures along the z-direction. Further from the interface, second-order microdomains form
and embed themselves in between the larger domains.

Selected area electron diffraction (SAED) images were also taken along with TEM in the
BZT thin film, shown in Figure 5.4.2 below. The clear, bright diffraction patterns seen below show
that the BZT thin film grew epitaxially and formed crystalline structures. The pattern on the left is
characteristic of rhombohedral phases while the pattern on the right is characteristic of tetragonal
phases. These images were taken from the same sample and provide further evidence of the
coexistence of mixed tetragonal and rhombohedral domains in the BZT thin film.
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Figure 5.4.2: Selected area electron diffraction (SAED) images of the BZT thin film on a single
crystal STO substrate. (Left) Rhombohedral diffraction pattern. (Right) Tetragonal diffraction
pattern.

5.5 XRD Analysis of Polydomains in BZT Thin Films
X-ray diffraction (XRD) was also performed on the BZT thin film to further show the
presence of mixed domains and the crystalline quality of the sample. A phi scan measures the
distribution of a crystallographic direction and Figure 5.5.1 shows the distribution of the
(100) direction along the plane parallel to the surface of the BZT sample. The four peaks
correspond to the four-fold symmetry of the tetragonal crystal structure. The two peaks at the ends
are higher because the rhombohedral phases consist entirely of the 3m point group. The 3m point
group is in the trigonal crystal system and in the hexagonal crystal family with a rhombohedral
Bravais lattice. When these rhombohedral unit cells combine to form a larger supercell, the larger
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supercell can be interpreted as consisting of hexagonal primitive unit cells. The hexagonal Bravais
lattice has a two-fold symmetry which contributes to the phi scan.
A 2θ scan was performed on the 1.4 μm BZT thin film. This coupled scan measured the
Bragg diffraction angles scattered off the BZT thin film and STO substrate. These measurements
are shown in Figure 5.5.2 below. The entire sample (electrodes, substrate, and thin film) is
recognizable at ~22° for the (100) direction and at 44° for the (200) direction. The BZT (100) peak
is centered at 21.73° while the BZT (200) has two peaks at 43.98° and 44.28°. The intensity for
the (200) direction is greater than the (100) direction due to certain species (e.g., O2) being better
scatterers along the (200) direction. The STO diffraction peak is the narrowest and steepest because
it was fabricated as a single crystal. The BZT thin film is not a single crystal and shows a double
peak for BZT (200) because of the separation between the rhombohedral and tetragonal
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Figure 5.5.1: Phi scan along the (100) direction of the BZT thin film grown on a STO substrate.
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Shorter 2θ scans were performed along the (200) direction of 1.4 μm BZT thin films with
higher definition. The scan on the left side of Figure 5.2.3 is of a freshly grown BZT sample that
has not undergone any external modifications. A broad peak can be seen 43.8° which shows
tetragonal and rhombohedral diffraction peaks overlapping each other. The overlapping peaks is a
result of the crystal maintaining the more energetically favorable phase distribution for epitaxial
growth. The 2θ scan on the right of Figure 5.2.3 corresponds to the same sample that underwent
107 cycles of electric field charging and discharging. A separation of polydomains caused by the
electric field switching can be seen in the BZT (200) peak.
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Figure 5.5.2: Long 2θ scan from 20° to 50° along the (l00) direction of the 1.4 μm BZT thin film
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on STO substrate. The set of diffraction 2peaks
at the lower angles corresponds to the (100)

directions of the BZT thin film, SRO contacts, and STO substrate. The set of diffraction peaks at
the higher angles corresponds to the (200) directions of the BZT thin film, SRO contacts, and STO
substrate.
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The STO substrate and SRO contacts along the (200) direction have the same angle at 46.5°
and 45.2°, respectively, in both samples. This is because the crystallographic structure of these
material compositions has only one observable crystal symmetry and it was unaffected by the
electric field cycling. The BZT thin film shows a single peak at 43.8° in the sample that underwent
electric field cycling and a double peak at 43.9° and 44.3° in the sample that did not. Initially, the
crystal phases are intermixed and has a broadened reflection response. After multiple electric field
cycling, the rhombohedral and tetragonal microdomains segregate from each other and coalesced
into larger column-like structures. The more densely packed arrangement yielded a stronger and
unique diffraction angle for each domain.
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Figure 5.5.3: (Left) Set of diffraction peaks along the (200) direction from the BZT thin film, SRO
contacts, and STO substrate that did not undergo electric field cycling. (Right) Set of diffraction
peaks along the (200) direction from the BZT thin film, SRO contacts, and STO substrate that
underwent electric field cycling.
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5.6 Summary
The formation of polydomain structures in a ferroelectric BZT film was confirmed with
time-resolved pump-probe spectroscopy, x-ray diffraction, electron diffraction, and transmission
electron microscopy. In our pump-probe measurements, we were able to identify two oscillatory
components through linear prediction which correspond to the longitudinal phonons of the
tetragonal and rhombohedral crystal domains. Two residues were created back-to-back, and their
oscillations were fitted with sine waves which correspond to the transverse phonons of the
tetragonal and rhombohedral crystal domains. The attribution is consistent with the results from
HR-TEM along with SAED and XRD measurements. The HR-TEM images show an accumulation
of tetragonal and rhombohedral phases with distinct striations for each phase. The XRD show a
broad diffraction for uniformly mixed phases and a splitting of the BZT diffraction lines for after
the tetragonal and rhombohedral phases accumulate with itself. Each phase has a distinct electron
diffraction pattern due to its atomic crystal structure and both patterns were seen through selected
area electron diffraction.
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Chapter 6
6 Summary
In summary, we used the optical SHG technique to nondestructively detect and verify
interfacial ferroelectricity in the ultrathin SrTiO3/Ge induced by a biaxial tensile strain.
Additionally, we employed ultrafast optical pulses to generate and detect the longitudinal and
transverse acoustic phonons to reveal the existence of mixed tetragonal and rhombohedral phases
in ferroelectric Zr-doped BaTiO3.
We reveal interfacial ferroelectricity at the interface of an epitaxial STO ultrathin film
grown on a Ge (100) substrate through optical SHG spectroscopy and then confirm through TEM
measurements. A bulk SrTiO3 single crystal has a four-folded s-out SHG signature, a two-fold
symmetry for the p-out polarization, and the SHG intensity for p-out is approximate twice as larger.
We show that the p-out polarization for the 10 nm STO/Ge heterostructure is also two-folded,
however, the s-out polarization is two-folded and ~250% larger than the p-out polarization. The sout polarization corresponds to the in-plane polarization which is significantly larger than the outof-plane polarization. The large in-plane polarization is attributed to the lattice mismatch between
the Ge (100) substrate and the 10 nm STO thin film. The mismatch physically shifted the Ti ions
within the xy-plane at the interface of the heterostructure. A Ti4+ ion displacement of ~0.26 Å at
the interface was measured with HR-TEM images. Additionally, unstrained STO approaches but
never fully reaches ferroelectricity at any temperature, however, a 1% biaxial tensile strain on STO
permits ferroelectricity at room temperature in STO thin films. Phase-field simulations provided
P-E hysteresis curves to further understand this room temperature ferroelectricity.
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We confirm the formation of polydomain structures in a ferroelectric BZT film through
time-resolved pump-probe spectroscopy, along with XRD, SAED, and TEM. The oscillatory
transient reflectivity data contained four distinct frequencies which were attributed to the
longitudinal and transverse phonons of tetragonal and rhombohedral phases. Longitudinal and
transverse acoustic phonons are shown to be generated through the thermoelastic effect and are
due to mixed polydomain structures. The presence of mixed tetragonal and rhombohedral phases
was also confirmed through XRD and TEM measurements. While XRD spectra show distinct
diffraction patterns from tetragonal and rhombohedral domains, TEM images show accumulated
crystal tetragonal and rhombohedral microdomains along the z-axis of the BZT sample. The high
energy performance of BZT is due to the mixed tetragonal and rhombohedral domains and the
domains increase its charge-discharge efficiency by reducing the remanent polarization, slimming
its hysteresis curve, and increasing its polarization saturation limit to accommodate larger electric
fields and accumulate more energy as a storage device.
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